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1Chapter 1
General Introduction
The objective of the research project described in this thesis is to develop synthetic routes
towards N-containing heterocycles, showing a rigid arylethylamine-moiety, as potentially new
CNS-active drugs, via high-pressure promoted cycloadditions of 1-nitro-2-arylethenes. The
translation of this route to the solid support is investigated and evaluated for application in the
syntheses of compound libraries. In this chapter, a short introduction will be given about the
different aspects of the research project.
1.1 Drug Discovery and Solid-phase Synthesis
In the research field of medicinal chemistry the main goal is to find new and more selective
drug candidates. To speed up the drug discovery process several techniques have been
developed since the 1990's and a special discipline arose: combinatorial chemistry. One
important technique, used in this discipline, is based on the synthesis of compounds using a
non-soluble, polymeric support or resin. Originally, Merrifield and co-workers applied this
technique in the area of peptide synthesis in 19631 and it was further developed for oligomer
synthesis. In the early 1970’s several research groups (Leznoff,2 Rapoport,3 Patchornik4 and
Camps5) started to develop solid-phase synthesis for the generation of small molecules, but
from then it took another 20 years before (pharmaceutical) industry and academics re-
discovered this technique, mainly for application in the drug discovery process. Basically, this
technique involves the coupling of a starting compound to the resin, after which several
chemical transformations lead to the resin-bound product. This product can be cleaved from
the resin in order to carry out analysis and bioactivity tests. The great advantages of this so
called solid-phase synthesis is that the time consuming workup procedures and purifications
after each reaction step can be replaced by fast filtration steps: the resin-bound product, which
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is insoluble, remains on the filter while side products and excess of reagents are simply
washed away. The development of solid-phase synthesis also opened the way to automated
synthesis of compound libraries and this has resulted in an enormous increase in the
generation of new drug candidates. Combinatorial chemistry has brought a revolution in the
drug discovery process by speeding up synthesis and seriously enhancing the chance of
finding new and more selective drugs.
Over the last 10 years, the research in this area mainly focused on the translation of different
types of organic reactions towards the solid-phase and has resulted in a burst of publications
and reviews.6 The translation of cycloaddition reactions to the solid-phase, especially the 1,3-
dipolar cycloaddition6a-c,7 has been well studied and to a lesser extent the Diels-Alder
reactions.8 However, relatively little attention has been paid to the translation of the multi-
component cycloadditions to the solid-phase. 6j
1.2 Neurotransmitters and CNS-active Compounds
Neurotransmitters play an important role in the signal-transmitting process in the human
body. The molecular structure of these compounds often displays an arylethylamine-moiety,
Figure 1.
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Figure 1. Neurotransmitters with an aryl-ethyl-amine moiety
histamine
The arylethylamine-moiety is found in many compounds that are active in the central nervous
system. Therefore, it is not surprising to find this arylethylamine-moiety in compounds like
XTC, epibatidine, morphine and LSD, which strongly act on the central nervous system
(CNS-drugs) as hallucinating agent or as analgesic (painkiller), Figure 2.
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Figure 2. Biologically active compounds with an aryl-ethyl-amine moiety
The difference in bioactivity and receptor selectivity of these drugs might be explained by the
specific molecular conformation of the arylethylamine-moiety in the drug. Generation and
modulation of the conformational rigidity of the arylethylamine-moiety leads to more insight
in structure activity relations and possibly, at the end, to the design of more selective drugs.
In our strategy towards the synthesis of these rigid compounds as potentially new CNS-active
drugs, 1-nitro-2-arylethenes were used as building blocks in cycloaddition reactions. The 1-
nitro-2-arylethenes are reactive in several types of cycloaddition reactions and serve as latent
arylethylamine-moiety. After a cycloaddition reaction, complete reduction of the nitro group
leads to rigid compounds with an exo-cyclic or endo-cyclic arylethylamine-moiety, Scheme 1.
Depending upon the electronic character of the cycloaddition partner, 1-nitro-2-arylethene
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1-nitro-2-arylethene
can react for example as dienophile, dipolarophile, or as heterodiene.
Although 1-nitro-2-arylethenes are reactive alkenes, the use of elevated temperatures,
catalysts or high-pressure can be necessary in those cycloadditions were steric hindrance or
the electronic character of alkene substituents deactivate one of the cycloaddition partners.
Since the ultimate goal of this research project is to develop a method to synthesize libraries
of rigid arylethylamine containing compounds, the possibility to use diversely substituted
alkenes as building blocks is essential. In this thesis, the use of high-pressure was chosen in
Chapter 1
4
order to study the scope of several cycloaddition reactions of 1-nitro-2-arylethenes, both in
solution and on the solid support.
1.3 Application of High-Pressure in Organic Synthesis
High-pressure is a valuable tool, generally used for organic reactions that take place too
slowly, require substantially elevated temperatures or are hindered by steric or electronic
factors.9 Generally, the formation of a bond, the concentration of charge, ionization during the
transition state, and restriction of movement (decrease of void volume) lead to negative
volume of activation, whereas cleavage of a bond, dispersal of charge, neutralization of
charge in the transition state and increase of molecular freedom lead to a positive volume of
activation. As a result, the application of high-pressure (1-15 Kbar) favors (i) reactions in
which the number of molecularity decreases in the products (e.g. cycloadditions and
condensation reactions), (ii) reactions that take place through dipolar transition states (e.g.
aromatic electrophilic and nucleophilic substitution), and (iii) sterically hindered reactions.
Thus, high-pressure can accelerate reactions that have a large negative activation volume
according to the formula: ∆G = ∆H - T∆S + p∆V
At ambient pressure, p∆V is very small and does not affect the free Gibbs energy, whereas at
pressures of 1000-15.000 atmosphere the factor p∆V cannot be neglected. In the case of
cycloaddition reactions, which show negative activation volumes of approximately -20 to -40
cm3/mol (Diels-Alder reactions: ∆V = -30 to -40 cm3/mol and 1,3-dipolar cycloadditions: ∆V
= -20 to -30 cm3/mol), a pressure of 10.000 atm (10 Kbar) results in a decrease of free Gibbs
energy of several kcal/mol. For example, the free Gibbs energy (∆G) for a Diels-Alder
reaction (∆V = -30 cm3/mol) at a pressure of 10 Kbar is 7 kcal/mol lower than the same
reaction performed at ambient pressure.
Besides, the advantageous rate accelerating effect of high-pressure, this technique can also be
considered as a “green” technology because the use of Lewis acid catalysts can be avoided
and sometimes reactions can be carried out without using solvents. Since the high-pressure
equipment has become commercially available (on multi-liter scale), high-pressure
application is not limited to academic research and can be expanded for use in industry in
large-scale organic synthesis.
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However, to date large-scale high-pressure application has only been developed in the food
industry, mainly for conservation purposes (fruit juices and marmalades). The benefits of
high-pressure "sterilization" compared to the traditional high-temperature treatment are the
much better taste and flavor properties of the treated products.10
1.4 Multi-Component Reactions
A multi-component reaction is defined as a reaction in which more than two substrates, all
present together, react with each other to form a product that is derived from all components
in the system.
In most cases, the hierarchical reactivity of the different components in the mixture results in
the reaction of two-components (A and B) to form an intermediate (A-B) in situ, which then
undergoes a reaction with the third component (C), Scheme 2.
A C
C
B A B CA B+ +
Scheme 2
In most cases, the incipient intermediate (A-B) is either labile or not isolated. Multi-
component reaction systems are particularly valuable in solid-phase synthesis and in the
generation of compound libraries, because a variety of substituents can be introduced with
high efficiency in one single transformation.
A recent review from Dax and co-workers gives an overview of several multi-component
methodologies in solid-phase synthesis.6j An example of a three-component reaction is the
olefin-iminium cyclization, first described by Grieco and co-workers in 1988, Scheme 3.11
R2 H
O
NH2
R1
R3
R4
R1
R4
N
R3
R2
R3
R4N
H
R2
R1
++
Scheme 3
tetrahydroisoquinolines
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In the presence of a catalytic amount of trifluoroacetic acid, an amine, aldehyde and olefin
react to afford substituted tetrahydro-isoquinolines. Several years later Armstrong and co-
workers reported the successful translation of this reaction to solid-phase.12 The aniline
derivative was coupled to the resin and reaction with a variety of the aldehydes and olefins
gave, after cleavage, a library of eighty structurally diverse tetrahydro-isoquinolines.
Other examples of multi-component reactions are condensation reactions like the Mannich,
Passerini and Ugi reaction in which building blocks such as acids, amines, aldehydes and
isocyanides are used. Although some cyclization reactions have been studied on the solid
support (e.g. see above) the solid-phase multi-component cycloadditions have not been
subject of investigations. This multi-component cycloadditions is especially valuable in the
generation of structural diversity in only one step, by the use of (bi)cyclic or acyclic alkenes.
1.5 Scope and outline of the thesis
In this thesis the domino [4 + 2]/[3 + 2] cycloaddition of 1-nitro-2-arylethenes, enol ethers
and electron-poor alkenes is studied. This multi-component reaction seems very apt for
application in combinatorial chemistry since it allows the synthesis of heterocyclic
compounds (nitroso acetals) with a large variety of substituents. The use of high-pressure
makes it possible to carry out this reaction in a one-pot fashion and because high-pressure
assists in overcoming steric hindrance,13 it allows the introduction of a large variety of
substituents.
The background of different aspects of the research project described in this thesis is outlined
in chapter 1. In chapter 2, the scope and limitations of the high-pressure promoted one-pot
three-component [4 + 2]/[3 + 2] cycloaddition reaction is studied, using diversely substituted
building blocks. Chapter 3 describes the use of 1-nitro-2-arylethenes as diene as well as
dipolarophile in the high-pressure promoted domino [4 + 2]/[3 + 2] cycloaddition. The
chapter is focused on the electronic and steric effects of the nitroalkenes on the
regioselectivity in the [3 + 2] cycloaddition.
The high-pressure promoted domino [4 + 2]/[3 + 2] cycloaddition of enol ethers and 1-nitro-
2-arylethenes bearing strong electron-withdrawing substituents give rise to the formation of
structurally different products, depending on the pressure and solvent. In chapter 4, this
reaction is explored and a tentative mechanistic explanation is given.
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Chapter 5 describes the high-pressure promoted domino [4 + 2]/[4 + 2]/[3 + 2] cycloaddition,
in which the enol ether is generated in situ from 2-methoxybutadiene and β-nitrostyrene. β-
Nitrostyrene reacts subsequently as dienophile, heterodiene and dipolarophile in a one-pot
reaction.
The heterogeneous and homogeneous reduction of the cycloadducts to rigid pyrrolizidinones
and pyrrolidines with an arylethylamine-moiety is outlined in chapter 6.
The translation of the high-pressure promoted domino [4 + 2]/[3 + 2] cycloaddition to the
solid-phase is investigated in chapter 7. Furthermore, the first attempts to apply the newly
developed homogeneous reduction method for nitroso acetals to the resin-bound nitroso
acetals are described in this chapter. In chapter 8, the application of resin-bound nitroalkenes
is studied in the synthesis of alkyl and aryl substituted exo-cyclic arylethylamines.
Furthermore, a solution and solid-phase synthesis of spiro-diketopiperazines from resin-
bound nitroalkenes is developed, and a semi-automated synthesis of a 45 spiro-DKP library is
explored.
1.6 Domino reaction versus Tandem reaction
There is some discussion in the literature about the use of the expression "domino" versus
"tandem" reactions. Denmark and co-workers, consequently use the expression "tandem
cycloaddition" but they state in their review14 that tandem ("one behind the other") itself is
insufficient and has to be specified with terms as cascade (domino), consecutive and
sequential:
Tandem cascade cycloadditions: both processes take place without the agency of additional
components or reagents. Everything necessary for both reactions is incorporated in the
starting materials.
Tandem consecutive cycloadditions: these differ from domino cascade cycloadditions in that
the intermediate is an isolable entity. Additional energy is necessary for the second reaction.
Tandem sequential cycloadditions: these reactions require the addition of the second
compound in a separate step.
This last definition is in our opinion identical to a two-step reaction since each reaction takes
place under different reaction conditions using additional reagents. Most of the tandem
cycloadditions reported by Denmark (see chapter 2) are " tandem sequential cycloadditions"
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in which the first formed cycloadduct has to be isolated and separated from the Lewis acid
catalyst before it can undergo a second cycloaddition. Therefore, it is rather redundant and
maybe even misleading to classify these reactions by using the description "tandem
cycloaddition".
In order to avoid confusion, Tietze recommended the use of the classification "domino
reaction"15 instead of " tandem reaction" and defined it as follows: "A domino reaction is a
process involving two or more bond-forming transformations (usually C-C bonds), which take
place under the same reaction conditions, without adding additional reagents and catalysts,
and in which the subsequent reactions result as a consequence of the functionality formed in
the previous step."
This seems to be the most appropriate description for the high-pressure promoted one-pot [4 +
2]/[3 + 2] cycloaddition described in this thesis. Although in preceding publications, the
classification “tandem [4 + 2]/[3 + 2] cycloadditions” was given to this reaction sequence, we
prefer to use the classification “domino [4 + 2]/[3 + 2] cycloadditions” in this thesis.
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Chapter 2
High-pressure Promoted One-pot
Three-component [4 + 2]/[3 + 2] Cycloadditions
-Scope and limitations-
2.1 Introduction
In the fast growing field of solid-phase synthesis (for combinatorial chemistry purposes) the
multi-component methodology is of particular interest because several elements of diversity
can be introduced in a single transformation.1,2 The domino [4 + 2]/[3 + 2] cycloaddition of an
enol ether, a nitroalkene and a third alkene is a representative example of a multi-component
reaction in which a polycyclic N-containing system is formed in a single transformation.3, 4
This domino [4 + 2]/[3 + 2] cycloaddition can be divided into four possible subtypes with
respect to inter- and intra molecular cycloaddition reactions, Scheme 1. In all these subtypes,
D
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Scheme 1
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a nitroalkene reacts as heterodiene with an electron-rich alkene such as an enol ether, in an
inverse electron-demand Diels-Alder reaction, to form a cyclic nitronate, which reacts with
another alkene in a 1,3-dipolar cycloaddition to produce a nitroso acetal, Scheme 2.
R1O
R3
O
N O
R2
R1OR3O N+ O
R2
R1OO N+ O
R2
+
[4 + 2] [3 + 2]
heterodiene nitronate nitroso acetal
Scheme 2
The dienophile and/or dipolarophile can either be connected to the heterodiene (ii, iii, iv) to
give a two-component reaction, or they can react as separate building blocks in a three-
component reaction (i), Scheme 1. The domino intermolecular [4 + 2]/intramolecular [3 + 2]
cycloaddition (subtype ii) has been studied extensively, mainly by Denmark and co-workers.
5,6,7 In this variant the dipolarophile is tethered to the nitroalkene moiety and reacts in an
intramolecular [3 + 2] cycloaddition after an intermolecular [4 + 2] cycloaddition with an
electron rich alkene, Scheme 1. This results in high or complete stereoselectivity in the
intramolecular [3 + 2] cycloaddition.5 However, in combinatorial chemistry it is more
important to obtain a high degree of diversity from simple building blocks than to reach
complete stereoselectivity. From this point of view the domino intermolecular [4 +
2]/intermolecular [3 + 2] cycloaddition (subtype i) is preferred over a domino cycloaddition in
which one of the components is linked to the nitroalkene component. In principle, this
reaction has a high potential in creating multi-cyclic compounds with a high degree of
substituent diversity.
Literature describing the intermolecular [4 + 2]/intermolecular [3 + 2] cycloaddition is limited
to only a few examples. In general, the inverse demand Diels-Alder reaction is performed
using stoichiometric amounts of Lewis acid "catalysts" (SnCl4, TiCl4, TiCl2(OR)2, MAD,
MAPh) at low temperatures (-90 to 0 °C). Before the [3 + 2] cycloaddition, the first-formed
nitronate was separated from the Lewis acid catalyst by an aqueous workup and
chromatography.6,8 Probably, complexation of the Lewis acid catalyst to the nitronate dipole
inactivates the dipole and hinders the 1,3-dipolar cycloadditions to take place.9
Without a Lewis acid catalyst the [4 + 2] cycloaddition of the domino [4 + 2]/[3 + 2]
cycloaddition requires a large excess of reagents (30-50 equiv.), 7g-i and long reaction times
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(4-20 days).7a-d, 7h Tohda and co-workers described the intermolecular [4 + 2]/intermolecular
[3 + 2] cycloaddition without the use of a Lewis acid catalyst, using activated nitrostyrenes
and electron poor dipolarophiles. 7a, 7b
However, a major advantage of the non-Lewis acid catalyzed cycloaddition is the possibility
to carry out the domino [4 + 2]/[3 + 2] cycloaddition in a one-pot fashion, since electron poor-
alkenes react much faster than electron-rich alkenes with the in situ formed nitronate. 7a,7b,7g, 10
This multi-component reaction then provides the nitroso acetals in a single transformation,
without the need to isolate the first formed nitronate prior to the 1,3-dipolar cycloaddition.
In order to circumvent the use of large excess of reagents or the use of activated nitroalkenes
and to avoid long reaction times, the non-Lewis acid catalyzed one-pot [4 + 2]/[3 + 2]
cycloaddition was studied under high-pressure conditions. It is generally known that
cycloadditions are accelerated by high-pressure.11 Furthermore, high-pressure can assist in
overcoming steric hindrance and thus might allow the use of a larger variety of highly
substituted low-activated building blocks.
The first example of a successful application of high-pressure in a one-pot [4 + 2]/[3 + 2]
cycloaddition was the reaction of ethyl vinyl ether (1), β-nitrostyrene (2) and methyl acrylate
(3), Scheme 3.
EtO N+OO
Ph
O
N O
Ph
CO2Me
EtOCO2Me
+ [4 + 2]/[3 + 2]+
Scheme 3
21 43
At ambient pressure nitroso acetal 4 was obtained in 43% yield, after stirring for 20 days
using 30 equiv. of enol ether 1 and 37 equiv. of methyl acrylate 3.7c-d At 15 Kbar nitroso
acetal 4 was obtained in 62% yield within 1 h, using only 4 equiv. of 1 and 3.10,12 After this
promising result it was decided to determine the scope of the high-pressure promoted one-pot
[4 + 2]/[3 + 2] cycloaddition using building blocks with different substitution patterns and
thus differences in reactivity. Successively the enol ether, the nitroalkene and the
dipolarophile were varied. The overall purpose of this chapter is to illustrate the possibilities
and limits of the high-pressure promoted one-pot [4 + 2]/[3 + 2] cycloaddition.
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2.2 Substituent variation in the three building blocks
2.2.1 Non cyclic enol ethers
In view of the intended translation of the domino cycloaddition onto the solid-phase (using
polystyrene based resins, chapter 7) p-methoxybenzyl alcohol 7 was chosen as equivalent for
the Wang resin. p-Methoxybenzyl vinyl ether 8 was prepared in 91% yield by heating a
mixture of p-methoxybenzyl alcohol 7 and acetylene in THF with 0.5 equiv. of t-BuOK for 20
h at 120 °C in an autoclave, Scheme 4.
O
MeOCH CH
EtO
tBuOK
pMBOHpMBOH
Hg(OAc)2
Scheme 4
7 78
Alternatively, 8 can be prepared by an Hg(OAc)2 catalyzed transvinylation with ethyl vinyl
ether 1.4 After refluxing for 20 h, enol ether 8 was obtained in 62% yield after distillation.
Initially, the reactivity of enol ether 8 in the one-pot reaction with nitrostyrene 2 and the
electron-poor methyl acrylate (3) in a 1/1/1.5 ratio was investigated, Scheme 5.
pMBO O N OpMBO
PhR
CO2Me
CO2MeO
N
+ OpMBO
Ph
R
N
+OO
Ph
R
+ [4 + 2] [3 + 2]
8
Scheme 5
3
10 R=CH35 R=CH3 12 R=CH3
2 R=H 9 R=H 11 R=H
After 18 h at 15 Kbar, RT the conversion of enol ether 8 was complete and nitroso acetal 11
was obtained in 95% yield. Using an equimolar ratio of the methyl-substituted nitrostyrene 5,
enol ether 8 and methyl acrylate (3) produced cycloadduct 12 in 78% yield (15 Kbar, RT, 18
h). Both nitroso acetals 11 and 12 were formed as a mixture of three diastereomers. 1H-NMR
analyses showed a completely regioselective outcome of both the Diels-Alder and the 1,3-
dipolar cycloaddition which is in agreement with reported literature data on related
cycloadditions of mono-substituted acrylates with nitrones and nitronates.4h The reaction of
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equimolar amounts of nitrostyrenes 2 and 5 with enol ether 8 and styrene (6) gave the domino
adducts 13 and 14 in 76% and 73% yield (15 Kbar, RT, 18 h) respectively, Scheme 6.
pMBO O N OpMBO
PhR
Ph
Ph
O
N
+ OpMBO
Ph
R
N
+OO
Ph
R
+ [4 + 2] [3 + 2]
Scheme 6
8
10 R=CH35 R=CH3 14 R=CH3
2 R=H 9 R=H 13 R=H
The two domino adducts 13 and 14 were formed as mixtures of two diastereomers in a ratio of
4/1. 1H-NMR studies of both diastereomers showed again a regioselective outcome in the [4 +
2] and the [3 + 2] cycloaddition. In both cases, only the major diastereomer could be isolated
in pure form by chromatographical purification and crystallization. The stereochemistry of the
major diastereomer of domino adduct 13 was established by X-ray analysis, Figure 1.
Figure 1. PLUTON13 drawing of the X-ray structure of compound 13
From the X-ray data the configuration of the major diastereomer of 13 was assigned as arising
from an endo [4 + 2] cycloaddition of 2 and enol ether 8, while the subsequent [3 + 2]
cycloaddition proceeded with exo-selectivity and anti with respect to the phenyl group. By
comparing the 2D-NOESY spectra of the domino adducts 13 and 14 the configuration of
nitroso acetal 14 was assigned to arise from an endo[4 + 2], anti-exo[3 + 2] cycloaddition.
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The use of styrene (6) as dipolarophile resulted in the formation of small amounts (5-8%) of
side-products 15 and 16, which were isolated and characterized by 1H-NMR as the
cycloadducts of nitrostyrene 2 and 5 with 2 equiv. of enol ether 8, Scheme 7. This illustrated
pMBO O
N OpMBO
Ph
OBMp
R
N
+OO
Ph
R
+
15 Kbar
[4 + 2]/[3 + 2]
R=H
2 eq.
2
165
8 15
R=CH3
R=H
R=CH3
Scheme 7
that the selectivity of the in situ formed nitronate dipole for the electron-neutral styrene (6) is
lower than for the electron-poor methyl acrylate 3 (Scheme 5). The side-reaction was
suppressed by using higher concentrations of styrene. Using two equiv. of enol ether 8 in the
domino [4 + 2]/[3 + 2] cycloaddition with nitrostyrenes 2 and 5, nitroso acetals 15 and 16
were formed as mixtures of 2 diastereomers. From 2D-NOESY analysis of 16 the
configuration of the major diastereomer was assigned as endo[4 + 2], syn-exo[3 + 2] and the
configuration of the minor diastereomer as endo[4 + 2], anti-exo[3 + 2]. At this point, it is
worthwhile to note that nitroso acetals 11 and 12 were formed as a mixture of three
diastereomers, whereas only two diastereomers of nitroso acetals 13-16 were formed.
2.2.2 Cyclic enol ethers
When 2,3-dihydrofuran (17) was reacted with nitrostyrene 2 and methyl acrylate (3) at 15
Kbar, RT, for 16 h, the tricyclic nitroso acetal 18 was obtained in 88% yield as a mixture of 3
diastereomers, Scheme 8. When the methyl-substituted nitrostyrene 5 was used, nitroso acetal
O
N O
Ph
CO2Me
O
R
O CO2MeO N+
Ph
R
O
+ +
182
5
R=H
R=CH319
R=H
R=CH3
Scheme 8
17 3
15 Kbar
19 was isolated as a mixture of 5 diastereomers in 73% yield (15 Kbar, RT, 19 h). At 50 °C,
the yield was improved to 84%. The formation of 5 diastereomeric products is surprising
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since a mixture of 4 diastereomers was expected, arising from a regioselective but not
stereoselective [3 + 2] cycloaddition (anti-exo, anti-endo, syn-exo and syn-endo). This points
to a non-selective [4 + 2] cycloaddition (exo and endo).14 The loss of endo-selectivity in this
[4 + 2] cycloaddition was also observed in the three-component reaction of 3,4-dihydropyran
(20) with nitrostyrene 2 and methyl acrylate (3), Scheme 9.
O
N O
Ph
O
CO2Me
CO2MeO O N+
Ph
O
+ +
Scheme 9
21220 3
15 Kbar
After 92 h, at 15 Kbar and 50 °C tricyclic nitroso acetal 21 was produced in 37% yield as a
mixture of diastereomers, from which one diastereomer was isolated by fractional
crystallization and assigned as arising from an exo [4 + 2], syn-exo [3 + 2] domino
cycloaddition, according to X-ray analysis, Figure 2.
Figure 2. PLUTON13 drawing of the X-ray structure of compound 21
The loss of endo selectivity in the [4 + 2] cycloaddition is most likely a result of the sterically
demanding enol ether ring in 17 and 20; steric hindrance in the exo [4 + 2] transition state is
less dominant (see also chapter 3).
It is known that 3,4-dihydropyran (20) reacts much slower compared to the 5-membered 2,3-
dihydrofuran (17) mainly due to the lower ring strain. This was also reflected in the moderate
yield and the reaction conditions (elevated temperature, long reaction time) necessary for the
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complete conversion of 20 at 15 Kbar. 1H-NMR analysis of the crude reaction mixture
showed 30% conversion of 20 after 16 h at 40 °C, 40% conversion after 40 h at 40 °C, and
complete disappearance of the dihydropyran double bond signals after an additional 72 h at 50
°C. In the [4 + 2] reaction with the stericly more hindered nitrostyrene 5, 20 appeared to be
completely unreactive after 65 h, at 15, RT, Scheme 10. Even at higher temperatures (55 °C,
O
N
+ O
Ph
OO O N+
Ph
O
+
Scheme 10
22520
18 h), formation of product 22 was not observed. Apparently, substitution on the nitroalkene
double bond is not allowed when cyclic enol ethers with low reactivity like 20 are used.
Substituents on the dihydropyran ring also deactivate the enol ether as was demonstrated by
the very low conversion of the benzylated glucal 23 in the reaction with nitrostyrene 2 and
methyl acrylate (3) at 15 Kbar and temperatures from 70-85 °C, Scheme 11.
O
N O
R
O
CO2Me
OBn
OBn
BnO
O
OBn
OBn
BnO
CO2MeO N+
R
O
+ +
Scheme 11
23 3 25 R = Ph
R = p-NO2Ph26
2 R = Ph
R = p-NO2Ph24
15 kbar
Under these extreme reaction conditions decomposition of glucal 23 and polymerization of
methyl acrylate (3) were dominant. Consequently, nitroso acetal 25 was obtained in very low
yields (9%). In order to increase the reactivity of the nitroalkene towards the substituted
electron-rich glucal 23 the reaction was performed with the more electron poor p-nitrophenyl
substituted nitroethene 24. However, at 15 Kbar and temperatures from 70-85 °C
polymerization of the starting compounds was dominant and it was not possible to isolate
nitroso acetal 26.
1-Alkoxycyclohexenes showed a much higher reactivity in the domino cycloaddition
compared to dihydropyrans (see also section 2.4.3). Here it is shown that even highly
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substituted 1-alkoxycyclohexenes, for example 2,6-dimethyl-1-cyclohexenyl methyl ether
(27) with a tetra substituted double bond react with 2 and methyl acrylate (3) at 15 Kbar
producing nitroso acetal 28 in 13% yield, Scheme 12. Nitroso acetal 28 was formed, arising
O
N O
Ph
CO2Me
OMeCO2Me
O
N
+ O
Ph
OMe
+ +
Scheme 12
27 3 282
15 Kbar
from a completely endo-selective [4 + 2] cycloaddition and a partial exo-selective [3 + 2]
cycloaddition and thus isolated as a mixture of two major diastereomers.15 The tetra-
substituted enol ether 27 still reacted with the stericly more hindered nitroalkene 5 leading to
the formation of nitronate 29, Scheme 13. However, in the 1,3 dipolar cycloaddition with
O
N O
Ph
CO2Me
OMeCO2Me
OMe O
N+ O
Ph
OMe
O
N+
Ph
O
+
15 Kbar
[4 + 2]
Scheme 13
27 305 29
methyl acrylate 3 the nitronate dipole 29 appeared to be unreactive.
2.3 Nitroalkene synthesis
2.3.1 Preparation of 2-nitro-cinnamates
In view of the intended translation of the one-pot [4 + 2]/[3 + 2] cycloaddition to the solid-
phase using resin-bound nitroalkenes linked to the solid support via and ester linkage, the
methyl ester substituted nitrostyrene 33 was prepared. Nitrostyrene 33 was obtained as a 1/3
E/Z mixture from a Knoevenagel condensation of N-benzilidene aniline (32) and
methylnitroacetate (31) in acetic anhydride (45% yield), Scheme 14.
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Ph
CO2MeO2N
CO2MeO2N N
Scheme 14
31 33
+
32
Ac2O
The activated heterodiene 33 reacted as E/Z mixture in a one-pot [4 + 2]/[3 + 2] cycloaddition
with enol ether 8 and acrylonitrile 34 at 15 Kbar (RT, 15 h) producing a mixture of
diastereomers 35a and 35b in 82% yield, Scheme 15.
pMBO O N O CN
pMBO
Ph
CO2Me
O
N
+ O
CO2Me
Ph
CN O N O CN
pMBO
Ph
CO2Me
+ +
Scheme 15
35a8 33 34 35b
+
15 kbar
The relative configuration of two major diastereomers 35a and 35b was assigned as arising
from an endo[4 + 2] anti-exo[3 + 2] and endo[4 + 2] anti-endo[3 + 2] cycloaddition,
respectively.16
Since it was also planned to couple the nitroalkene to the Wang resin (p-oxybenzylester
linkage) nitroalkene 38 was prepared (see also chapter 8). p-Methoxy benzyl ester substituted
nitroalkene 38 was synthesized as an E/Z mixture via a microwave-assisted Knoevenagel
reaction of p-methoxy benzyl nitroacetate (36) and benzaldehyde (37) with ammonium
acetate as catalyst, Scheme 16.17 The activated heterodiene 38 reacted as E/Z mixture in a
one-pot [4 + 2]/[3 + 2] cycloaddition with enol ether 1 and methyl acrylate (3) at 12 Kbar
Ph
CO2BMpO2N
CO2BMpO2N O
Scheme 16
36 38
+
37
NH OAc
10 min, 450 W
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(RT, 15 h), producing nitroso acetal 39 as a mixture of diastereomers in 66% yield, Scheme
17.
EtO O
N O
Ph
EtO
CO2Me
CO2BMp
O
N
+ O
Ph
CO2BMp
CO2Me
+ +
Scheme 17
391 38 3
12 Kbar
2.3.2 Alkyl substituted nitroalkenes
The behavior of alkyl-substituted nitroalkenes has not yet been studied in a one-pot three-
component reaction. In chapter 3, the reactivity of alkyl substituted nitroalkenes as diene and
as dipolarophile in the two-component one-pot [4 + 2]/[3 + 2] cycloaddition will be discussed.
2.3.3 Aryl and heteroaryl substituted nitroalkenes
Several aryl-substituted nitroalkenes and heteroaryl substituted nitroalkenes were studied in
the domino [4 + 2]/[3 + 2] cycloaddition in order to further extend the scope of the reaction
and to determine the effect of the different nitroalkene substituents on the reactivity of the
heterodiene. The resulting aryl- and heteroaryl substituted nitroso acetals could serve as
starting compounds for the preparation of novel pyrrolidines and pyrrolizidinones bearing
aryl- and heteroaryl substituents (see chapter 6).
Following the development of the domino [4 + 2]/[3 + 2] cycloaddition in the synthesis of
heteroaryl-substituted nitroso acetals further, the behavior of the 3'-pyridyl-, 3’-indolyl- and
2'-pyrrolyl-substituted β-nitroethenes 42a-c in this cycloaddition was explored. The 3'-
pyridyl- and 3’-indolyl substituents were chosen because of their appearance in nicotine and
serotonine, respectively. At 15 Kbar, 18h at RT, the β-nitroethenes 42a, 42b and 42c
substituted with a 3'-pyridyl-, 3’-indolyl- and 2’-pyrrolyl-group, respectively reacted
efficiently with p-methoxybenzyl vinyl ether 8 and methyl acrylate 3 by means of the domino
[4 + 2]/[3 + 2] cycloaddition to form the bicyclic nitronates 43a-c, Scheme 18.
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Compounds 43a, 43b and 43c were each obtained as mixtures of three diastereomers in 74%,
59% and 53% yield, respectively. The major diastereomer in each product mixture arose from
a completely endo-selective [4 + 2] cycloaddition and an exo,anti-selective [3 + 2]
cycloaddition (anti with respect to the aryl-group).18 The electron-releasing 3'-indole and 2'-
pyrrole substituents on the nitroethene 42b and 42c clearly had a decelerating effect on the
reaction rate. Conversion of the enol ether 8 in the formation of 43b and 43c was only 80%,
under the reaction conditions mentioned, whereas complete conversion of enol ether 8 was
observed when the nitroalkene was substituted with a phenyl or an electron withdrawing 3'-
pyridine substituent.
Similar decelerating effects were observed when nitrostyrenes with strong electron-releasing
substituents reacted as heterodiene in the domino [4 + 2]/[3 + 2] cycloaddition. For example,
57% conversion of 3,4-dimethoxy-phenyl-substituted nitroethene 40a to nitroso acetal 41a
was observed after 24 h (15 Kbar, RT),19 Scheme 19. The 3,4-dihydroxy-phenyl substituted
nitroethene 40b produced nitroso acetal 41b after 48 h in 85% yield (15 Kbar, RT).
O
N OpMBO CO2Me
OH
OH
pMBO O N+ O
OR
OR
CO2Me
+ +
8
40a R=CH3
40b R=H
3
Scheme 19
15 Kbar
RT
41a R=CH3
41b R=H
The use of styrene (6) as dipolarophile in the reaction with either enol ether 8 or 1 and
nitroalkene 42a or 44 readily produced the corresponding nitroso acetals 45a, 45b and 46
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each as diastereomeric mixtures in 74%, 65% and 77% yield at 15 Kbar (RT, 18 h)
respectively, Scheme 20.
R1O
N+ OO
Py
R2
Ph O
N OR1O Ph
R2Py
NPy =
+ +
642a R2=H
Scheme 20
45b R1=pMB, R2=H
45a R1=Et, R2=H1 R1=Et
8 R1=pMB 44 R2=CH3
46 R1=pMB, R2=CH3
15 Kbar
Remarkably, N-phenyl maleïmide (47) reacted completely stereoselectively in the one-pot
three-component reaction with 1 and 42a, resulting in the formation of nitroso acetal 48 as
one single diastereomer in 90% yield, Scheme 21.
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N
OO
N
O
O
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O N O
N
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H3H4 H4a
H7a
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48
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8
42a 47
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Scheme 21
This diastereomer arose from a completely endo-selective [4 + 2] and a completely endo-
selective [3 + 2] cycloaddition following an anti approach with respect to the pyridyl group.
The stereochemistry was established with 2D-NOESY 1H-NMR, which showed NOE-
contacts between H2, H3’ and H4, as well as between H4a, H4b and H7a. The anti-attack of the
bulky N-phenyl maleïmide dipolarophile is likely due to the steric hindrance of the pyridyl-
and p-methoxybenzyl-substituents, which shields one side of the nitronate, whereas the endo-
selectivity might arise from secondary orbital overlap between the N-phenyl-substituent and
the nitronate dipole. Steric hindrance between 3'-pyridyl- and the N-phenyl-maleïmide ring in
the anti exo-isomer might also be the driving force behind the selective formation of the anti
endo-isomer.
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2.4 Dipolarophiles
2.4.1 Mono-substituted dipolarophiles
Besides methyl acrylate (3) and styrene (6), the reactivity of three other mono-substituted
dipolarophiles in the [3 + 2] cycloaddition with nitronate 10 was also tested. Vinyl acetate
(49) and phenyl vinylsulphone (51) reacted as neutral and electron poor dipolarophile with
nitronate 10 respectively, to produce nitroso acetals 50 and 52 (15 Kbar, RT, 18 h), Scheme
22. In the three-component reaction of the silyl-protected allyl alcohol 53 (neutral
pMBO O N OpMBO
Ph
R
R
O
N
+ OpMBO
Ph
O
N
+
Ph
O
+ [4 + 2] [3 + 2]
1058 R=CH3
Scheme 22
50 R=OAc
52 R=SO2Ph
54 R=CH2OSi(i-Pr)3
49 R=OAc
51 R=SO2Ph
53 R=CH2OSi(i-Pr)3
alkene) with p-methoxybenzyl vinyl ether (8) and nitroalkene 5 (ratio 1/1/1), nitronate 10 was
the only product formed (15 Kbar, RT, 16 h) and the silylated allyl alcohol 53 was found
unreacted. When the reaction mixture with 10 and unreacted silylated allyl alcohol 53 was
heated at 15 Kbar to 50 °C for 24 h, nitroso acetal 54 was isolated in 11% yield after several
chromatographic purifications. TLC analysis of the crude reaction mixture showed the
presence of p-methoxybenzyl alcohol 7, which indicated partial hydrolysis of the nitroso
acetal 54 or nitronate 10 during the reaction. The formation of nitroso acetals 50, 52 and 54
nicely illustrates the scope of mono-substituted dipolarophiles, with respect to their electronic
character and size, which can be used in the domino cycloaddition.
2.4.2 Di-substituted
A nice illustration of the powerful effect of high-pressure is the one-pot formation of nitroso
acetals from stericly hindered and low activated dipolarophiles such as β-trans-substituted
α,β-unsaturated esters. The di-substituted acrylates 55 and 57 reacted with enol ether 8 and
nitrostyrene 5 at 15 Kbar and 50 °C in 18 h, producing nitroso acetals 56 and 58 as
diastereomeric mixtures in yields of 82% and 74% respectively, Scheme 23.
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Seebach and co-workers previously reported that, although some modifications of the acrylate
are tolerated (e.g. α-substitution), β-substituted α,β-unsaturated esters did not react with
nitronates in refluxing toluene.20 Denmark and co-workers reported that cis-ethylpropionate
68 reacted in the [3 + 2] cycloaddition with the 4-benzoyloxy substituted nitronate 67 at 65 °C
in refluxing acetonitrile yielding a regio-isomeric mixture of nitroso acetals 69 and 70. The
lack of reactivity of trans-methyl propionate 55 in the [3 + 2] cycloaddition with the 4-
benzoyloxy substituted nitronate 71 was emphasized, even at 65 °C, Scheme 24.6e
O N OBuO
CO2MeOBz
ON+OBuO
OBz
CO2Me
O
N OBuO R1
OBz R2H
CO2Et
Scheme 24
67
71
69 R1=Me, R2=CO2EtCH3CN, 22 h, 65 °C 70 R1=CO2Et, R2=Me
55
68
2.4.3 Cyclic dipolarophiles
After the successful results using β-substituted α,β-unsaturated (trans) esters as
dipolarophiles in the domino [4 + 2]/[3 + 2] cycloaddition the cyclic α,β-unsaturated keton
cyclohex-2-en-1-one (59) was tested as dipolarophile. In the one-pot domino cycloaddition of
enol ether 8, nitrostyrene 2 and cyclohex-2-en-1-one (59) in a 1/1.2/1.4 molar ratio, nitroso
acetal 60 was formed in 67% yield and nitroso acetal 15 as the side product, Scheme 25. The
formation of the desired nitroso acetal 60 as major product, indicates that the1,3 dipolar
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cycloaddition of cyclohexenon 59 (electron-poor di-substituted) is still faster than the
cycloaddition with enol ether 8 (electron-rich mono-substituted). The one-pot reaction of 61
with enol ether 8 and nitrostyrene 2 merely resulted in formation of nitroso acetal 15. This
was also observed when 2,3 dimethyl maleic anhydride 62 was used as dipolarophile. The
unwanted side reaction was not observed in the one-pot three-component reaction with 8, the
methyl-substituted nitrostyrene 5 and 61, Scheme 26. A large difference in reactivity between
pMBO O
N
+ O
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O
N O
O
Ph
pMBO
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N O
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Scheme 26
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50 °C, 92 h
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16
10
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50 °C, 16 h
the three components in both the Diels-Alder and the [3 + 2] cycloaddition was expected,
when nitrostyrene 5 instead of nitrostyrene 2 was used. It was assumed that first all enol ether
8 reacts with 5 to give nitronate 10. Indeed, the side reaction of 10 with 8 to form 16 was
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prevented since 8 was completely consumed in the reaction with 5 to give nitronate 10 (15
Kbar, 50 °C, 16 h), as was shown by TLC-analysis of the crude reaction mixture. Under these
reaction conditions however, the formation of nitroso acetal 63 was not observed. An
additional 76 h at 15 Kbar and 50 °C was necessary, to obtain almost complete conversion of
the nitronate 10. Nitroso acetal 63 was formed as a mixture of two major diastereomers (ratio
3/1) in 69% yield.
A one-pot synthesis of the tetra cyclic nitroso acetal 66a and 66b was achieved using
methoxycyclohexene (64) as enol ether and cyclohexenon (59) as dipolarophile, Scheme 27.
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15 Kbar
50 °C, 92 h
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endo-anti-endo endo-anti-exo
Heating (50 °C) the one-pot reaction mixture at 15 Kbar for 96 h produced nitroso acetal 66a
and 66b as a mixture of two diastereomers (3/1) in 53% yield together with a small amount of
intermediate nitronate 65 indicating that the reaction was not complete. After 2D-NOESY
analyses, the relative configuration of major diastereomer 66a and minor diastereomer 66b
was assigned as arising from an endo[4 + 2], anti-endo[3 + 2] and an endo[4 + 2], anti-exo[3
+ 2] cycloaddition, respectively.
Chapter 2
28
2.5 Conclusions
The scope of the high-pressure promoted three-component domino [4 + 2]/[3 + 2]
cycloaddition of enol ethers, nitroalkenes and olefinic dipolarophiles has been illustrated by
using a wide range of different reaction partners with an increasing substitution pattern. These
include acyclic and cyclic enol ethers although in the case of dihydropyran a lower reactivity
was observed. Dihydropyran still reacted with the methyl-substituted nitrostyrene 5 but the
resulting nitronate adduct did not react further with methyl acrylate. Substitution of the
dihydropyran ring led to significant decrease in reactivity. Cyclic enol ethers bearing an exo
cyclic oxygen (e.g. methoxycyclohexene), showed much higher reactivity in the reaction with
nitrostyrene (2) and methyl acrylate (3). However, for the di-substituted 1-methoxycyclo-
hexene, after reaction with the substituted nitrostyrene 5, the formed nitronate did not react
further with methyl acrylate.
Electron withdrawing heteroaryl substituents on the nitroethene component such as the 3'-
pyridyl substituent showed similar reactivity compared to nitrostyrene 2. On the other hand,
the electron donating indolyl- and pyrrolyl substituents showed lower reactivity. Furthermore,
it was demonstrated that di-substituted and cyclic dipolarophiles react at higher temperatures
with nitronates formed from both acyclic and cyclic enol ethers and nitrostyrenes 2 or 5 to
produce the corresponding nitroso acetals in moderate to good yields.
2.6 Experimental Section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-100, a Bruker AC-300 or a Bruker AM-400
spectrometer. Chemical shift values are reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as
an internal standard. The coupling constants (J) are given in Hz. Gas chromatography was performed on a
Hewlett Packard 5710A GC-instrument equipped with a capillary HP cross-linked methyl silicone (25m x 0.31
mm) column. (High resolution) Mass spectra were obtained with a double focusing VG7070E mass
spectrometer. Elemental analyses were carried out on a Carlo Erba Instruments CHNSO EA 1108 element
analyzer. Melting points were determined with a Reichert Thermopan microscope and are uncorrected.
Analytical thin layer chromatography was carried out on Merck precoated silica gel 60 F254 plates (thickness
0.25 mm). Spots were visualized with UV, I2 or a 6.2% H2SO4 aqueous solution (1 l), containing ammonium
molybdate (42 g), and ceric ammonium sulphate (3.6 g), followed by charring. Column chromatography was
carried out using Merck silica gel 60, 0.063-0.200 mm (70-230 mesh). When necessary, solvents were distilled
and dried according to standard procedures. The "piston down" high-pressure apparatus operating at a pressure
range of 1-15 Kbar has been described.21
Preparation of substituted nitrostyrenes
The most versatile synthesis of nitrostyrenes involves the Henry condensation of an (aromatic) aldehyde with a
nitroalkane in the presence of a base to give the corresponding β-nitroalcohol, which affords the nitrostyrene
after a dehydration step, Scheme 28.22 The method described by Denmark et al. involved the Henry condensation
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using a catalytic amount of base (t-BuOK in t-BuOH/THF). The dehydration was accomplished by acylation of
the nitroalcohol with acetic anhydride and subsequent elimination of acetic acid by Et3N.6f Another method to
prepare nitrostyrenes is treatment of the appropriate aromatic aldehyde and nitroalkane with NaOH to give the
nitroalcohol, followed by dehydration by HCl.23 Via this method β-nitrostyrene (2) was prepared in 68% yield.
Recently a one-pot procedure for the synthesis of 1-nitro-1-alkyl-2-aryl alkenes was reported. Under microwave
irradiation conditions, nitroalkanes reacted with arylaldehydes in the presence of a catalytic amount of
ammonium acetate (neat) yielding the nitrostyrenes without the isolation of intermediary β-nitroalcohol, Scheme
29.17
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microwave
Synthesis of nitroalkenes 2, 5, 24, 33, 38, 40b, 42a-c
General method for the microwave-assisted Knoevenagel condensation
In a typical procedure, a mixture of arylaldehyde, 4-5 equiv. of nitroalkane and 0.25-1.0 equiv. ammonium
acetate was exposed to microwave irradiation (1000 W) for the reported time using a modified microwave oven
(Milestone Lavis-1000 basic) equipped with a condenser. When conversion of the aryl-aldehyde exceeded 90%
(determined by GC-analysis) irradiation was stopped and the reaction mixture was cooled to RT. After column
chromatography (EtOAc: hexane 1:20) the nitrostyrene derivatives were obtained.
E-1-Nitro-2-phenyl ethene (2)
Prepared according: Worrall, D.E., In Organic Synthesis, 2nd ed.; Blatt, A.H., Ed.; John Wiley &
Sons; New York, 1941; Collect. Vol. I, 413-415. M.p.: 57-58 °C. 1H-NMR (300 MHz, CDCl3): 8.00
(1H, d, Jab = 13.7), 7.61-7.40 (6H, m). m.p. lit. 56-57 °C,24 m.p. 58 °C.25
1-Phenyl-2-nitro-propene (5)
Prepared via a microwave-assisted Knoevenagel condensation of 10.0 g (94.3 mmol) benzaldehyde,
28.3 g (377 mmol) nitroethane and 1.82 g (23.6 mmol) ammonium acetate. After 20 minutes,
conversion of the benzaldehyde was more than 90%. Purification afforded 13.07 g (80.19 mmol,
85%) of 3b as a yellow solid (mp 64-66 °C; mp lit. 65-66 °C).26
100 MHz, CDCl3): 8.07 (1H, s, CH-Ph), 7.51-7.18 (5H, m, Ph), 2.43 (3H, s, CH3).
(E)-1-Nitro-2-(4-nitrophenyl)ethene (24) 27
A mixture of 1.00 g (6.6 mmol) 4-nitro-benzaldehyde, 0.73 g (12 mmol) nitromethane, 6 ml t-BuOH and 6 ml
THF was stirred at 0oC and 0.045 g (0.06 equiv.) t-BuOK was added. Within 2h conversion of the aldehyde was
complete. The mixture was diluted with 25 ml H2O and 50 ml Et2O. The organic layer was washed with resp. 25
ml saturated aqueous NaHCO3 and 25 ml brine. The aqueous layers were back extracted with 50 ml Et2O. The
combined organic layers were dried over MgSO4, filtered and concentrated in vacuo to afford 1.27 g (6.0 mmol,
91%) of the β-nitroalcohol. 1H-NMR (100 MHz, CDCl3): δ(ppm) J(Hz): 8.1 (d, J = 8.6, 2H,
Ar-H), 7.5 (d, J = 8.6, 2H, Ar-H), 5.5 (t, J = 6.3, 1H, CH(OH)), 4.5 (d, J = 6.4, 1H,
CH2NO2),4.6 (1H, m, CH2-NO2), 4.2 (s (br), 1H, OH).
NO2
NO2
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1.27 g (6.0 mmol) β-nitroalcohol, 37 mg (0.3 mmol, 0.05 equiv.) DMAP and 0.71 g (6.8
mmol, 1.13 equiv.) Ac2O were dissolved in 50 ml CH2Cl2 and stirred for 2 h (color of the
solution changed from yellow to red), after which time the solution was neutralized using 25
ml saturated aqueous NaHCO3. The organic layer was washed with brine and the aqueous
layer was back extracted with 25 ml CH2Cl2. The combined organic layers were dried over
MgSO4, filtered and concentrated in vacuo to afford 0.95 g (4.9 mmol, 82%) of 24.28
1H-NMR (300 MHz, CDCl3/MeOH): δ(ppm) J(Hz): 8.29 (d, J = 8.8, 2H, ArH-2,6), 8.11 (d, J = 13.7, 1H, H-2),
7.96 (d, J = 13.7, 1H, H-1), 7.90 (d, J = 8.8, 2H, ArH-3,5). M.p. 170-172 °C (lit. 168-172 °C29, 173 °C30).
Methyl (Z/E)-2-nitro-3-phenylprop-2-enoate (33) 31
3 ml Aniline was dissolved in 100 ml diethyl ether (dry) and 3 ml benzaldehyde was added drop
wise. 50 g MgSO4 was added and after stirring for 3h at RT the reaction mixture was filtrated,
solvent was evaporated and the oily product was stored on 3Å mol. sieves. The imine was
obtained in 97% purity (GC analysis). 1.556 g (8.60 mmol) N-benzilideneaniline 32, 471 mg
(3.96 mmol) methylnitroacetate 31 and 5 ml acetic anhydride were stirred at 50 °C for 6 h. Then
the reaction mixture was poured into 200 ml of hot water and stirred. The water layer was
decanted and the organic layer was dissolved in 10 ml CCl4. The organic phase was washed
twice with hot water (100 ml), brine and dried over MgSO4. After column chromatography (EtOAc/hexane 1:15)
365 mg (1.76 mmol, 45%) 33 was obtained as an E/Z mixture (1/3). 1H-NMR (300 MHz, CDCl3): 8.09 (0.23 H,
s, C=CH), 7.55 (0.77 H, s, C=CH), 7.50-7.37 (5H, m, Ph), 3.95 (0.79 H, s, MeO), 3.91 (2.21 H, s, MeO).
4-Methoxybenzyl E/Z-2-nitro-3-phenylprop-2-enoate (38)
Prepared via a microwave-assisted Knoevenagel condensation using 2.0 g (9 mmol) p-
methoxybenzylester of nitro acetic acid,32 9.0 g (90 mmol, 10 equiv.) benzaldehyde and 0.1 g
(1 mmol, 1 equiv.) ammonium acetate. The mixture was dissolved in 30 ml THF in a 100 ml
bulb and exposed to microwave irradiation for 20 min. at 500 W. The conversion of the ester
was monitored with TLC. Evaporation of the solvent and chromatographical purification using
silica gel (EtOAc/heptane 4:6), afforded 1.7 g (5.4 mmol, 63%) of nitroalkene 38 as an E/Z
mixture (1/2). E-isomer: 1H-NMR (100 MHz, CDCl3): 7.51(1H, s, C=CH-Ph), 6.83-7.36 (9H,
m, Ph), 5.24 (2H, s, Ph-CH2), 3.76 (3H, s, OCH3). Z-isomer: 1H-NMR (100 MHz, CDCl3); 8.01(H, s, C=CH-Ph),
6.83-7.36 (9H, m, Ph), 5.31 (2H, s, Ph-CH2), 3.76 (3H, s, OCH3). Rf = 0.33 (EtOAc/heptane 1:1).
4-[(E)-2-Nitroeth-1-enyl]benzene-1,2-diol (40b)
Prepared via a microwave-assisted Knoevenagel condensation using 1.39 g (10.1 mmol) 3,4-
dihydroxybenzaldehyde, 7.58 g (124 mmol) nitromethane and 2.68 g (35 mmol) ammonium
acetate. After 10 min. at 350 W the reaction was stopped. The reaction mixture contained
nitroalkene 40, 3,4-dihydroxybenzaldehyde (showing identical Rf values in several eluents),
the nitro-alcohol intermediate and a lot of black polymers. Purification over a short silica
column afforded nitroalkene 40 as the main product (CHCl3/MeOH 10:1, 2% AcOH). An
attempt to crystallize the product from CH2Cl2 resulted in precipitation of 40 as an orange/red
solid. 194 mg (1.07 mmol, 11%) of the orange/red precipitate of 40 was isolated. M.p. 147-150 °C (lit 132 °C
(Orange crystals).33 1H-NMR (300 MHz, CDCl3/ CD3OD): 7.92 (1H, d, J = 13.5, H-1), 7.51 (1H, d, J = 13.5, H-
2), 7.06-6.86 (3H, m, Ar).
(E)-1-Nitro-2-(3'-pyridyl)ethene (42a) 27
A mixture of 5.00 g (46.7 mmol) pyridine-3'-carboxaldehyde, 5.12 g (84 mmol) nitromethane, 30 ml t-BuOH
and 30 ml THF was stirred at 0oC and 0.31 g (0.06 equiv.) t-BuOK was added. After 2h the conversion of the
aldehyde was complete (monitored by TLC, EtOAc) and the mixture was diluted with 25 ml H2O and 50 ml
Et2O. The organic layer was washed with resp. 25 ml saturated aqueous NaHCO3 and 25 ml brine. The aqueous
layers were back extracted with 50 ml Et2O. The combined organic layers were dried over
MgSO4, filtered and concentrated in vacuo to afford 7.44 g (44.4 mmol, 95%) of the β-
nitroalcohol as a yellow oil.
1H-NMR (100 MHz, CDCl3): 8.51 (1H, d, J = 2.0, pyrH-2), 8.43 (1H, dd, J = 1.6, 4.9, pyrH-6),
7.84 (1H, dt, J = 1.9, 8.0, pyrH-4), 7.35 (1H, dd, J = 4.9, 7.9, pyrH-5), 5.53 (1H, dd, J = 5.0, 7.9,
H-1), 4.57 (2H, dd, J = 4.7, 8.1, H-2).
5.02 g (29.8 mmol) β-nitroalcohol, 0.18 g (1.5 mmol, 0.05 equiv.) DMAP and 3.34 g (32.7 mmol, 1.13 equiv.)
Ac2O were dissolved in 150 ml CH2Cl2 and stirred for 2h (the color of the reaction mixture changed from yellow
NO2
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O
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to red). The solution was neutralized using 50 ml saturated aqueous NaHCO3, the organic layer was separated
and washed with brine. The aqueous layer was back extracted with 2x 50 ml CH2Cl2. The combined organic
layers were dried over MgSO4, filtered and concentrated in vacuo to afford 2.91 g (19.4 mmol, 65%) of 2a. 1H-
NMR (100 MHz, CDCl3): 8.80 (1H, d, J = 2.1, pyrH-2), 8.73 (1H, dd, J = 1.6, 4.8, pyrH-6), 8.03
(1H, d, J = 13.8, H-2), 7.88 (1H, m, PyH-4), 7.63 (1H, d, J = 13.8, H-1), 7.42 (1H, dd, J = 4.8,
7.7, PyH-5). M.p. 136-138 °C (lit. 141 °C 34, cryst. from petr. ether or EtOAc).
The one-pot microwave synthesis (general method 1) of 2a gave only 20% conversion of the
aldehyde whereas other literature procedures for the synthesis of 2a failed.34,35
(E)-1-Nitro-2-(3'-indolyl)ethene (42b)
Prepared via a microwave-assisted Knoevenagel condensation using 1.00 g (6.9 mmol)
indole-3'-carboxaldehyde, 2.10 g (35 mmol) nitromethane and 0.53 g (6.9 mmol) ammonium
acetate. After 40 min. reflux the conversion of the aldehyde was 95%. Purification over a
short silica column using EtOAc/hexane (1/2) as eluent afforded 1.18 g (6.3 mmol, 91%) of
2b. 1H-NMR (100 MHz, CDCl3): 8.3 (1H, d, J = 13.5, H-2), 7.8 (1H, d, J = 13.5, H-1), 7.7-
7.3 (5H, m, ind-H). M.p. 166-169 °C, (lit. 171-172 °C36or cryst. from aq. ethanol or 95%
EtOH: 165-167 °C37).
(E)-1-Nitro-2-(2'-pyrrolyl)ethene (42c)
Prepared via a microwave-assisted Knoevenagel condensation using 0.99 g (11 mmol) pyrrole-
2'-carboxaldehyde, 3.20 g (53 mmol) nitromethane and 0.81 g (11 mmol) ammonium acetate.
After 10 min. reflux the conversion was higher than 90%. Purification over a short silica column
using EtOAc/hexane (1:1) as eluent afforded 1.0 g (7.3 mmol, 70%) of 2c. 1H-NMR (100 MHz,
CDCl3): 7.98 (1H, d, J = 13.3, H-2), 7.50 (1H, d, J = 13.3, H-1), 7.12 (1H, s (br), pyrr-H), 6.75 (1H, s (br), pyrr-
H), 6.39 (1H, m, pyrr-H). M.p. 98-103 °C (lit. 103 °C38, cryst. from ethanol).
Preparation of p-methoxybenzyl vinyl ether
1-Methoxy-4-[(vinyloxy)methyl]benzene (8)
Reaction with acetylene: 13.8 g (100 mmol) p-methoxybenzyl alcohol 7 and 5.60 g (50 mmol)
t-BuOK were dissolved in 40 ml dry THF (distilled over Na) in a glass tube. This red solution
was cooled to –40 °C and 10 ml (240 mmol) of acetylene gas was bubbled through the
solution. The glass tube was placed in an autoclave and the solution was stirred for 20 h at
120oC at a pressure of 25 bars. The reaction mixture was allowed to cool down to room
temperature and after depressurization the solvent was evaporated and the crude reaction
mixture was distilled yielding 14.9 g (90.8 mmol, 91%) of pure 8 (b.p. 71 °C, 0.1 Torr.; lit. b.p. 84 °C, 0.3
Torr.39).
Transvinylation: 0.97 g (3.05 mmol) Hg(OAc)2 was added to a solution of 16.84 g (123 mmol) p-methoxybenzyl
alcohol (7) and 175.7 g (2.44 mol, 20 equiv.) ethyl vinyl ether (1). The mixture was stirred for 20 hours at 35 °C.
Maximal conversion of the alcohol was 78% (monitored by G.C), which did not increased with longer reaction
time. The mixture was washed twice with a saturated NaHCO3 solution and dried over MgSO4. The organic
layer was concentrated in vacuo. Distillation afforded 10.87 g (66.3 mmol, 54%) 8 in a purity of 96% (G.C.). Rf
= 0.7 (EtOAc/hexane 1:5, 1% Et3N). 1H-NMR (100 MHz, CDCl3): 7.27 (2H, d, J = 8.8, Ph), 6.88 (2H, d, J = 8.8,
Ph), 6.55 (1H, dd, J = 6.8, 14.3, CH=CH2), 4.68 (2H, s, CH2O), 4.28 (2H, dd, J = 2.1, 14.6, CH2=CH), 4.06 (2H,
dd, J = 2.1, 6.8, CH2=CH), 3.80 (3H, s, OCH3).
6-[(4-Methoxybenzyl)oxy]-3-methyl-4-phenyl-5,6-dihydro-4H-1,2-oxazin-2-ium-2-olate (10)
506 mg (3.09 mmol) 8 and 1.14 g (7.01 mmol) 5 were dissolved in CH2Cl2 and placed
in a 7.5 ml Teflon vessel at 15 Kbar, RT, for 18 h. After depressurization and
evaporation of the solvent, the crude reaction mixture was purified by column
chromatography (EtOAc/hexane 1:2, 1% Et3N; Rf = 0.08) and 771 mg (2.36 mmol;
76%) 10 was isolated as a clear oil. 1H-NMR (300 MHz, CDCl3): 7.61-7.21 (7H, m,
Ph), 6.90-6.86 (2H, m, Ph), 5.42 (1H, dd, J = 4.2, 5.1, H-6), 4.98 (1H, d, Jab = 11.5,
CH2O), 4.67 (1H, d, Jab = 11.5, CH2O), 3.80 (3H, s, CH3O), 3.74 (1H, dt (br), J = 1.3,
8.6, H-4), 2.59- 2.48 (1H, m, H-5), 2.17- 2.08 (1H, m, H-5'), 1.87 (3H, d, J1-4 =1.4,
CH3). MS-CI (rel. int.) m/z: 448 (M++121, 0.07), 407 (0.96), 328 (MH+, 0.86), 328 (0.86), 192 (13.95), 174
(11.46), 138 (25.60), 121 (100.00), 109 (26.16), 105 (20.83), 91 (13.41), 77 (9.34).
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Methyl 6-[(4-methoxybenzyl)oxy]-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (11)
647 mg (4.34 mmol) 2, 712 mg (4.34 mmol) 8 and 559 mg (6.50 mmol) 3 were
dissolved in CH2Cl2 and placed in a 15 ml Teflon vessel at 15 Kbar, RT for 18
h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (EtOAc/hexane 1:4, 1% Et3N;
Rf = 0.14) and 1.645 g (4.12 mmol; 95%) 11 was isolated as a clear oil (mixture
of three diastereomers). Major diastereomer: 1H-NMR (300 MHz, CDCl3):
7.36-7.19 (7H, m, Ph), 6.90-6.86 (2H, m, Ph), 5.15 (1H, dd, J = 4.5, 9.5, H-2),
5.00 (1H, dd, J = 0.5, 7.6, H-6), 4.90 (1H, Jab = 11.6, CH2O), 4.68 (1H, Jab =
11.6, CH2O), 3,80 (3H, s, MeO), 3.73 (3H, s, MeO), 3.85-3.70 (1H, m, H-3a), 3.11 (1H, q, J = 7.3, H-4), 2.91-
2.80 (1H, m, H-3), 2.57-2.46 (1H, m, H-3'), 2.29 (1H, dt, J =7.9, 13.7, H-5), 2.10-2.01 (1H, m, H-5'). 13C-NMR
(25 MHz, CDCl3):  171, 142, 130, 129, 127, 114, 99, 81, 75, 69, 55, 53, 44, 36, 34. MS-CI (rel. int.) m/z: 520
(M+ + 121, 1.1), 400 (MH+, 1), 293 (5), 280 (2), 264 (7), 246 (3), 174 (4), 149 (11), 138 (19), 121 (100), 109
(11), 105 (12), 104 (14), 91 (12), 77 (13). HR-CIMS: m/z calcd. for M+ (C22H25NO6) 399.1682, found 399.1680
± 0.0019.
Methyl 6-[(4-methoxybenzyl)oxy]-3a-methyl-4-phenylperhydroisoxazolo [2,3-b][1,2]oxazine-2-carboxylate
(12)
0.73 g (4.45 mmol) 5, 0.73 g (4.47 mmol) 8 and 0.38 g (4.46 mmol) 3 were
dissolved in CH2Cl2 and placed in a 15 ml Teflon vessel at 15 Kbar, RT for 18
h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (EtOAc/hexane 1:4, 1% Et3N;
Rf = 0.14) and 1.42 g (3.47 mmol; 78%) (12) was isolated as a clear oil (mixture
of three diastereomers in a ratio of 1/2/3). Analysis of the major diastereomer:
1H-NMR (300 MHz, CDCl3): 7.30-7.09 (7H, m, Ph), 6.85 (2H, m, Ph), 5.25
(1H, m, H-2), 4.99-4.55 (3H, m, H-6, CH2O), 3.72 (6H, s, OCH3, OCH3), 3.19
(1H, m, H-4), 2.84 (1H, m, H-3), 2.41 (3H, m, H-3', H-5, H-5'), 0.74 (3H, s, CH3C). MS-CI (rel. int.) m/z: 534
(M++121, 0.22), 414 (MH+, 0.14), 278 (3.2), 190 (4), 174 (9), 166 (5), 144 (19), 138 (13), 137 (10), 122 (43),
121 (100), 105 (19), 104 (41), 91 (22), 81 (19), 78 (20), 77 (23). C23H27NO6 (413) C 66.81, H 6.58, N 3.39,
found C 66.87, H 6.48, N 3.21.
6-[(4-Methoxybenzyl)oxy]-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (13)
0.50 g (3.36 mmol) 2, 0.55 g (3.35 mmol) 8 and 0.34 g (3.27 mmol) 6 were
dissolved in CH2Cl2 and placed in a 15 ml Teflon vessel at 15 Kbar, RT for 18
h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (EtOAc/hexane 1:3,
1%Et3N; Rf = 0.35) and 0.93 g (2.48 mmol; 76%) 13 was isolated as a clear
oil (mixture of two diastereomers in a ratio of 1/4). Analysis of the major
diastereomer: white solid, m.p. 103-104 °C. 1H-NMR (400 MHz, CDCl3):
7.37-7.23 (12H, m, Ph), 6.90-6.86 (2H, m, Ph), 5.76 (1H, dd, J = 6.0, 9.0, H-
2), 5.08 (1H, dd, J = 7.2, 7.5, H-6), 4.93 (1H, d, J = 11.7, CH2O), 4.66 (1H, d, J = 11.7, CH2O), 3.95 (1H, q, J =
8.4, H-3a), 3.80 (3H, s, CH3O), 2.97-2.91 (1H, m, H-4), 2.62-2.55 (1H, m, H-3), 2.38-2.28 (2H, m, H-5), 2.13-
2.07 (1H, m, H-3'). C26H27NO4 (417.5), calcd. C 74.80, H 6.52, N 3.35; found C 74.89, H 5.98, N 3.23.
Configuration from 2D-NOESY analysis: endo[4 + 2], anti-exo[3 + 2]; anti with respect to the Ph group which
was in agreement with x-ray analysis.
Crystal data and structure refinement for compound 13.
Crystal colour transparent colourless
Crystal shape rather regular platelet
Crystal size 0.36 x 0.20 x 0.07 mm
Empirical formula C26H27NO4
Formula weight 417.49
Temperature 208(2) K
Radiation / Wavelength CuKα (graphite mon.) / 1.54184 Å
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a, α = 10.216(3) Å, 90°
(17 reflections 20.227<θ<43.567) b, β= 22.051(7) Å, 112.12(4)°
c, γ= 10.822(7) Å, 90°
Volume 2258.4(18) Å 3
Z, Calculated density 4, 1.228 Mg/m3
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Absorption coefficient 0.663 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ 
F(000) 888
θ range for data collection 4.01 to 62.49°
Index ranges -11 ≤ h ≤ 10, 0 ≤ k ≤ 25, 0 ≤ l ≤ 12
Reflections collected / unique 3769 / 3561 [R(int) = 0.0313]
Reflections observed 1687 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.096 and 0.920
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3561 / 0 / 388
Goodness-of-fit on F2 1.054
SHELXL-97 weight parameters 0.058500 0.018900
Final R indices [I>2σ(I)] R1 = 0.0586, wR2 = 0.1121
R indices (all data) R1 = 0.1505, wR2 = 0.1469
Largest diff. peak and hole 0.178 and -0.202 e. Å -3
6-[(4-Methoxybenzyl)oxy]-3a-methyl-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (14)
491 mg (3.01 mmol) 5, 504 mg (3.07 mmol) 8 and 400 mg (3.85 mmol) 6
were dissolved in CHCl3 and placed in a 7.5 ml Teflon vessel at 15 Kbar, RT
for 18 h. After depressurization and evaporation of the solvent, the crude
reaction mixture was purified by column chromatography (EtOAc/hexane 1:5,
1%Et3N; Rf = 0.30) and 1.041 g (2.41 mmol; 80%) 14 was isolated as a clear
oil (mixture of two diastereomers in a ratio of 1/4). Analysis of the major
diastereomer: white crystals from CH2Cl2 /hexane m.p.: 111-113 °C. 1H-NMR
(400 MHz, CDCl3): 7.39-7.18 (12H, m, Ph), 6.90-6.87 (2H, m, Ph), 5.92 (1H,
dd, J = 7.6, 8.8, H-2), 5.08 (1H, dd, J = 7.2, 7.6, H-6), 4.95 (1H, d, J = 11.9, CH2O), 4.67 (1H, d, J = 11.9,
CH2O), 3.80 (3H, s, CH3O), 3.31 (1H, dd, J = 2.4, 14.0, H-4), 2.92 (1H, dd, J = 9.2, 12.0, H-3), 2.39 (1H, dt, J =
8.0, 14.0, H-5), 2.10-2.03 (2H, m, H-3', H-5'), 0.90 (3H, s, CH3). Configuration from 2D-NOESY analysis:
endo[4 + 2], anti-exo[3 + 2]; anti with respect to the Ph group. MS-CI (rel. int.) m/z: 552 (M++121, 0.44), 432
(MH+, 0.42), 294 (4), 282 (3), 279 (3), 219 (4), 175 (4), 174 (7), 173 (4), 166 (12), 162 (48), 161 (11), 144 (9),
138 (35), 137 (19), 131 (21), 122 (51), 121 (100), 109 (21), 107 (20), 105 (56), 104 (95), 103 (26), 91 (56), 78
(54), 77 (54). HR-CIMS: m/z calcd. for M+(C27H29NO4) 431.2097 found 431.2097 ± 0.0012. C27H29 NO4 (431.2),
calcd. C 75.15, H 6.77, N 3.25; found C 75.34, H 6.29, N 3.12.
2,6-Di[(4-methoxybenzyl)oxy]-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine (15)
442 mg (2.70 mmol) 8 and 103 mg (0.69 mmol) 2 were dissolved in
CH2Cl2 and placed in a 7.5 ml Teflon vessel at 15 Kbar, RT for 18 h.
After depressurization and evaporation of the solvent, the crude
reaction mixture was purified by column chromatography
(EtOAc/hexane 1:5, 1%Et3N) and 206 mg (0.43 mmol; 63%) 15 was
isolated as a mixture of 2 diastereomers. Heating during the reaction
(50 °C) resulted after purification in a higher yield (80%). Isolated as a
mixture of diastereomers (clear oil); 1H-NMR (300 MHz, CDCl3):
7.36-7.20 (8H, m, Ph), 6.89 (4H, m, Ph), 5.76 (1H, t, J=3.2 Hz, H-2),
4.96 (1H, b (d), J=7.1 Hz, H-6), 4.94-4.68 (2H, AB, J=58.1 Hz, 44.6 Hz, CH2O), 4.65-4.40 (2H, AB, J=66.1 Hz,
54.3 Hz, CH2O), 3.92 (1H, q, J=8.3 Hz, H-3a), 3.83 (3H, s, OCH3), 3.81 (3H, s, OCH3), 2.79 (1H, m, H-4), 2.09
(3H, m, H-3, H-3', H-5,), 2.09 (1H, m, H-5').
2,6-Di[(4-methoxybenzyl)oxy]-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine (16)
2.021g (12.3 mmol) 8 and 510 mg (3.13 mmol) 5 were dissolved in
CH2Cl2 and placed in a 7.5 ml Teflon vessel at 12 Kbar, 50 °C for 5 h.
After depressurization and evaporation of the solvent, the crude
reaction mixture was purified by column chromatography
(EtOAc/hexane 1:5, 1%Et3N) and 1.395 g (2.84 mmol; 90%) 16 was
isolated as a mixture of 2 diastereomers. After 18 h at 15 Kbar and RT
compound 16 was obtained in 54%. Isolated as a white foam. 16a Rf =
0.22 (EtOAc/hexane 1:5, 1%Et3N). 1H-NMR (400 MHz, CDCl3):
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7.37-7.17 (9H, m, Ph), 6.91-6.84 (4H, m, PhH-3,5), 5.90 (1H, d, J = 7.1, H-2), 4.90 (1H, d, J = 11.6, CH2O),
4.88 (1H, dt, J = 1.7, 9.6, H-6), 4.78 (1H, d, Jab = 11.2, CH2O), 4.64 (1H, d, Jab = 11.6, CH2O), 4.47 (1H, d, Jab =
11.2, CH2O), 3.80 (3H, s, CH3O), 3.79 (3H, s, CH3O), 3.09 (1H, dd, J = 4.5, 13.2, H-4), 2.96 (1H, dd, J = 7.1,
12.4, H-3), 2.04 (1H, dq, J = 3.3, 13.2, H-5), 1.84 (1H, ddd, J = 1.7, 4.5, 13.0, H-5'), 1.48 (1H, d, J = 12.4, H-3'),
1.26 (3H, s, CH3C). MS-CI (rel. int.) m/z: 612 (M++121, 0.07), 492 (MH+, 0.14), 426 (0.70), 402 (0.28), 360
(1.23), 293 (3.15), 242 (2.00), 222 (3.18), 162 (6.48), 138 (20.8), 121 (100.00), 109 (15.83), 105 (11.12), 91
(14.32), 77 (11.63), 41 (55.26). HR-CIMS: m/z calcd. for M+(C29H33NO6) 491.2308, found 491.2311 ± 0.0014.
Configuration from 2D-NOESY analysis: endo[4 + 2], anti-exo[3 + 2]; anti with respect to the Ph group.
16b was isolated as a white foam, Rf = 0.17 (EtOAc/hexane 1:5, 1%Et3N). 1H-NMR (400 MHz, CDCl3): 7.36-
7.10 (9H, m, Ph), 6.89-6.83 (4H, m, PhH-3,5), 5.89 (1H, dd, J = 1.3, 6.7, H-2), 4.97 (1H, dd, J = 6.7, 8.1, H-6),
4.94 (1H, d, Jab = 11.9, CH2O), 4.78 (1H, d, Jab = 11.2, CH2O), 4.64 (1H, d, Jab = 11.9, CH2O), 4.46 (1H, d, Jab =
11.2, CH2O), 3.78 (3H, s, CH3O), 3.77 (3H, s, CH3O), 3.11 (1H, dd, J = 2.6, 14.0, H-4), 2.66 (1H, dd, J = 6.8,
12.8, H-3), 2.38 (1H, dt, J = 8.1, 13.5, H-5), 2.22 (1H, dd, J = 1.3, 11.4, H-3'), 2.00 (1H, m, H-5'), 0.88 (3H, s,
CH3C). MS-CI (rel. int.) m/z: 612 (M++121, 0.93), 492 (MH+, 0.24), 474 (0.46), 419 (0.49), 342 (2.96), 293
(3.58), 242 (3.75), 222 (5.31), 167 (3.82), 138 (28.74), 121 (100.00), 109 (24.62), 105 (12.71), 91 (17.05), 77
(11.89), 41 (39.16). HR-CIMS: m/z calcd. for M+(C29H33NO6) 491.2308, found 491.2307 ± 0.0014.
Configuration from 2D-NOESY analysis: endo[4 + 2], syn-exo[3 + 2]; syn with respect to the Ph group.
Methyl 4-phenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (18)
262 mg (3.74 mmol) dihydrofuran 17, 306 mg (2.05 mmol) 2 and 553 mg (6.43 mmol)
acrylate 3 were dissolved in CH2Cl2 and placed in a 7.5 ml Teflon vessel at 15 Kbar, RT
for 17 h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (EtOAc/hexane 1:2, 1%Et3N; Rf = 0.40
in EtOAc/hexane 1:1, 1%Et3N) and 552 mg (1.81 mmol; 88%) 18 was isolated as a white
foam (mixture of five diastereomers). Major diastereomer: 18b 1H-NMR (300 MHz,
CDCl3): 7.40-7.27 (5H, m, Ph), 5.46 (1H, d, J = 6.8, H-7a), 5.10 (1H, dd, J = 4.4, 9.6, H-
2), 4.38 (1H, dt, J = 3.2, 8.6, H-6), 4.03 (1H, dd (b), J = 2.7, 8.4, H-6'), 3.78 (1H, q, J = 8.5, H-3a), 3.73 (3H, s,
MeO), 2.89 (1H, dd, J = 7.0, 10.6, H-4), 2.70-2.61 (1H, m, H-4a), 2.57-2.48 (2H, m, H-3), 1.99-1.92 (1H, m, H-
5), 1.66-1.58 (1H, m, H-5'). MS-CI (rel. int.) m/z: 306 (MH+, 11), 288 (14), 206 (13), 205 (100), 160 (23), 159
(37), 145 (13), 131 (33), 130 (58), 129 (32), 117 (84), 115 (47), 91 (58), 77 (19), 70 (35). HR-CIMS: m/z calcd.
for M+(C16H19NO5) 305.1263, found 305.1264 ± 0.0012.
Other diastereomer: 18a 1H-NMR (300 MHz, CDCl3): 7.42-7.19 (5H, m, Ph), 5.82 (1H, d, J = 5.0, H-7a), 5.12
(1H, dd, J = 5.3, 9.0, H-2), 4.04 (1H, dt, J = 5.6, 9.9, H-6), 3.94 (1H, dt (b), J = 8.3, 8.9, H-6'), 3.81 (1H, m, H-
3a), 3.74 (3H, s, MeO), 3.18 (1H, dd, J = 3.9, 8.2, H-4), 2.68-2.26 (5H, m, H-3, H-4a, H-5). 13C-NMR/dept (75
MHz, CDCl3): 170.5, 139.9, 128.8, 127.5, 127.2, 103.9, 80.5, 70.0, 69.0 (CH2), 52.3, 45.9, 42.8, 36.2 (CH2), 25.7
(CH2).
Methyl 3a-methyl-4-phenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19)
300 mg (4.29 mmol) dihydrofuran 17, 684 mg (4.20 mmol) 5 and 640 mg (7.44 mmol)
acrylate 3 were dissolved in CH2Cl2 and placed in a 7.5 ml Teflon vessel at 15 Kbar, 50
°C for 19 h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (Eluent EtOAc/hexane 1:2, 1%Et3N; Rf
= 0.29 in EtOAc/hexane 1:1, 1%Et3N) and 1.129 g (3.54 mmol; 84%) 19 was isolated as
a white foam (mixture of five diastereomers). One of the diastereomers was obtained in
pure form after crystallization from diethyl ether/heptane as a white solid, m.p. 143-146 °C. 1H-NMR (400 MHz,
CDCl3): 7.37-7.23 (5H, m, Ph), 5.63 (1H, d, J = 4.9, H-7a), 5.13 (1H, dd, J = 3.6, 10.9, H-2), 4.20 (1H, dd, J =
8.4, 16.2, H-6), 3.94-3.89 (1H, m, H-6), 3.74 (3H, s, CH3O), 3.11 (1H, d, J = 9.9, H-4), 2.88 (1H, t, J = 11.5, H-
3), 2.60-2.55 (1H, m, H-4a), 2.04-1.98 (1H, m, H-5), 1.94 (1H, dd, J = 3.7, 12.1, H-3'), 1.76-1.71 (1H, m, H-5'),
1.26 (3H, s, CH3). MS-CI (rel. int.) m/z: 320 (MH+, 9). 219 (75), 159 (52), 144 (57), 131 (100), 130 (50), 115
(35), 91 (42). HR-CIMS: m/z calcd. for M+(C17H21NO5) 319.1420, found 319.1420 ± 0.0012. C17H21NO5 (319):
calcd. C 63.94, H 6.63, N 4.39; found C 63.74, H 6.50, N 4.37. Configuration from 2D-NOESY analysis: endo[4
+ 2], syn-exo[3 + 2]; anti with respect to the Ph group. At RT a yield of 73% was obtained.
Methyl 4-phenylperhydroisoxazolo[2,3-b]pyrano[3,2-e][1,2]oxazine-2-carboxylate (21)
415 mg (4.94 mmol) 3,4-dihydropyran 20, 621 mg (4.17 mmol) nitrostyrene 2 and 520
mg (6.05 mmol) methyl acrylate 3 were dissolved in CH2Cl2 in a 15 ml Teflon reaction
vessel. After 92 h, 50 °C, 15 Kbar the domino adduct 21 was isolated in 37% after
column chromatography (silica 60, EtOAc/hexane 1:2, 1% Et3N) as a mixture of
diastereomers. The [4 + 2] cycloaddition was not selective (endo and exo adducts were
formed). The endo[4+2]-diastereomer was obtained in pure form after fractional
crystallization from CH2Cl2/hexane, as a white solid: m.p. 169-171 °C. 1H-NMR (300
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MHz, CDCl3): 7.39-7.22 (5H, m, Ph), 5.09-5.02 (2H, m, H-8a, H-2), 4.20 (1H, dd, J = 4.4, 11.6, H-3a), 4.06
(1H, dd, J = 4.5, 12.8, H-4), 3.84-3.78 (1H, m, H-7), 3.69 (3H, s, MeO), 3.58-3.50 (1H, dt, J = 2.6, 12.1 H-7'),
2.80 (1H, q, J = 11.6, H-3), 2.45-2.39 (1H, m, H-3'), 1.93-1.53 (4H, m, H-4a, H-5, H-6), 1.23-1.18 (1H, m, H-6).
MS-CI (rel. int.) m/z: 319 (MH+, 100.00), 302 (34.5), 205 (21.34), 173 (44.18), 150 (20.60), 145 (50.07), 130
(32.03), 117 (12.41), 107 (21.70), 91 (9.52), 86 (34.26), 84 (54.38). HR-CIMS: m/z calcd. for M+(C17H21NO5)
319.14197, found 319.14227 ± 0.00032. C17H21NO5 -endo calcd. C 63.94, H 6.63, N 4.39; found C 63.67, H
6.49, N 4.38.
Exo [4 + 2] adduct: Mp 186-189 °C (partial decomp.).1H-NMR (300 MHz, CDCl3): 7.40-7.24 (5H, m, Ph), 5.29
(1H, d, J = 5.4, H-8a), 5.02 (1H, dd, J = 4.5, 10.0, H-2), 4.14-4.02 (2H, m, H-3a, H-7), 3.82-3.69 (1H, m, H-7'),
3.77 (3H, s, MeO), 3.06 (1H, dd, J = 3.7, 8.7, H-4), 2.60-2.52 (1H, m, H-3), 2.41-2.34 (1H, m, H-3'), 2.18-2.05
(1H, m, H-4a), 2.03-1.88 (1H, m, H-5), 1.70-1.40 (3H, m, H-5', H-6).
Crystal data and structure refinement for compound 21 .
Crystal colour transparent colourless
Crystal shape regular thin platelet
Crystal size 0.29 x 0.26 x 0.04 mm
Empirical formula C17H21NO5
Formula weight 319.35
Temperature 293(2) K
Radiation / Wavelength MoKα (graphite mon.) / 0.71073 Å
Crystal system, space group Monoclinic, P21/n
Unit cell dimensions a, α= 11.757(2) A, 90°
(25 reflections 7.247<θ<10.866) b, β= 10.7855(12) A, 98.70(2)°
c, γ= 12.4740(14) A, 90°
Volume 1563.5(4) A3
Z, Calculated density 4, 1.357 Mg/m3
Absorption coefficient 0.100 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 680
θ range for data collection 2.58 to 26.31°
Index ranges -14 ≤ h ≤ 14, 0 ≤ k ≤ 13, -15 ≤ l ≤ 0
Reflections collected / unique 3319 / 3173 [R(int) = 0.0365]
Reflections observed 1452 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.037 and 0.969
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3173 / 0 / 292
Goodness-of-fit on F2 1.022
SHELXL-97 weight parameters 0.064000 0.221600
Final R indices [I>2σ(I)] R1 = 0.0664, wR2 = 0.1296
R indices (all data) R1 = 0.1690, wR2 = 0.1672
Largest diff. peak and hole 0.190 and -0.222 e.A-3
Methyl 5,6,7-tri(benzyloxy)-4-phenylperhydroisoxazolo[2,3-b]pyrano[3,2-e][1,2]oxazine-2-carboxylate (25)
104 mg (0.25 mmol) enol ether (glucal), 39 mg (0.26 mmol) 2 and 71 mg (0.83
mmol) methyl acrylate 3 were dissolved in CDCl3 and placed in a 1.5 ml Teflon
vessel at 15 Kbar, 70 °C, 120 h. After depressurization and evaporation of the
solvent, the crude reaction mixture was purified by column chromatography
(EtOAc/hexane 1:2, 1%Et3N) and 14 mg (0.04 mmol, 9%) of 25 was obtained as a
mixture of two diastereomers (1/3). One of the isomers was crystallized from
CH2Cl2/hexane as a white solid, m.p.: 141-143 °C. 1H-NMR (300 MHz, CDCl3):  7.35-7.26 (18H, m, Ph), 7.19-
7.15 (2H, m, Ph), 5.42 (1H, d, J = 2.8, H-2), 4.90 (1H, d, Jab = 10.9, PhCH2), 4.66-4.58 (3H, m, H-8a, PhCH2),
4.60 (2H, d, Jab = 12.1, PhCH2), 4.52 (2H, d, Jab = 12.1, PhCH2), 4.09-4.00 (2H, m, H-3a, H-7), 3.75-3.65 (5H,
m, MeO, H-5, H-4a), 3.52 (1H, t, J = 9.3, H-4), 3.39-3.36 (1H, m, H-6), 2.30 (1H, dd, J = 5.0, 13.0, H-3), 1.74-
1.65 (1H, m, H-3').
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Methyl 8a-methoxy-4a,8-dimethyl-4-phenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate
(28)
330 mg (2.36 mmol) 2-methoxy-1,3-dimethylcyclohex-1-ene 27, 349 mg (2.34 mmol) 2
and 305 mg (3.55 mmol) methyl acrylate 3 were dissolved in CH2Cl2 in a 7.5 ml Teflon
reaction vessel. After 24, RT, 15 Kbar 64 mg (0.17 mmol, 7.8%) 28a and 45 mg (0.12
mmol, 5.4%) 28b was isolated after column chromatography (silica 60, EtOAc/hexane
1:4, 1% Et3N) as a mixture of two major diastereomers.
28a Rf = 0.32.1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 7.31-7.25 (5H, m, Ph), 4.78
(1H, dd, J = 5.1, 9.5, H-2), 3.97 (1H, q, J = 8.0, H-3a), 3.82 (3H, s, CH3O), 3.61 (3H, s,
CH3O), 3.14 (1H, d, J = 7.6, H-4), 2.62-2.42 (2H, m, H-3), 2.01-1.89 (1H, m), 1.48-0.99
(4H, m), 1.22 (3H, s, CH3), 0.93 (3H, d, J = 6.6, CH3).
28b Rf = 0.26. 1H-NMR (400 MHz, CDCl3); δ(ppm), J (Hz): 7.35-7.26 (5H, m, Ph), 5.13 (1H, dd, J = 4.9, 9.6,
H-2), 4.03 (1H, q, J = 8.1, H-3a), 3.74 (3H, s, CH3O), 3.62 (3H, s, CH3O), 3.05 (1H, d, J = 7.6, H-4), 2.50-2.41
(2H, m, H-3), 2.03-1.97 (1H, m, H-8), 1.49-0.99 (4H, m), 1.25 (3H, s, CH3), 1.00 (3H, d, J = 6.7, CH3). 13C-
NMR(75 MHz, CDCl3); δ(ppm); 171.5, 139.1, 130.0, 129.8, 128.2, 128.0, 127.1, 104.8, 71.5, 53.6, 52.6, 52.5,
52.4, 43.0, 37.8, 34.7, 30.3, 20.6, 20.4, 14.8. Configuration from 2D-NOESY analysis: endo[4 + 2], anti-exo[3 +
2]; anti with respect to the Ph group. MS-EI (rel. int.) m/z: 375 (MH+, 0.8), 345 (1.3), 316 (14), 205 (12), 189
(33), 178 (11), 157 (17), 140 (100), 139 (89), 131 (24), 130 (19), 117 (38), 105 (11), 98 (14), 91 (47), 88 (23), 77
(14).
8a-Methoxy-3,4a,8-trimethyl-4-phenyl-4a,5,6,7,8,8a-hexahydro-4H-1,2-benzoxazin-2-ium-2-olate (29)
1H-NMR (100 MHz, CDCl3): 7.30-7.12 (5H, m, Ph), 3.37 (3H, s, MeO), 3.09 (1H, d(b), J = 1.0,
H-4), 2.15-2.00 (1H, H-8), 1.80 (3H, d, J = 1.0, MeC=C), 2.00-1.30 (6H), 0.72 (3H, s, Me).
Methyl 2-cyano-6-[(4-methoxybenzyl)oxy]-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-3a-carboxylate
(35)
91 mg (0.55 mmol) 8, 113 mg (0.55 mmol) 33 and 39 mg (0.72 mmol) acrylonitril
34 were dissolved in CDCl3 and placed in a 1.5 ml Teflon vessel at 15 Kbar, RT
for 15 h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (EtOAc/hexane 1:4, 1%Et3N)
and 192 mg (0.45 mmol; 82%) 35 was isolated as a clear oil (mixture of three
diastereomers). The two major diastereomer were isolated:
35a; Rf = 0.30 in EtOAc/hexane 1:2, 1%Et3N. 1H-NMR (400 MHz, CDCl3): 7.36-
7.26 (5H, m, Ph), 7.13- 7.11(2H, m, Ph), 6.92-6.89 (2H, m, Ph), 5.12 (1H, dd, J =
6.7, 8.3, H-6), 4.99 (1H, dd, J = 7.1, 9.2, H-2), 4.92 (1H, Jab = 11.9, CH2O), 4.71 (1H, Jab = 11.9, CH2O), 3.81
(3H, s, CH3O), 3.78 (1H, dd, J = 9.2, 12.1, H-3), 3.39 (1H, dd, J = 2.9, 14.2, H-4), 3.37 (3H, s, CH3O), 2.86-2.77
(2H, m, H-3, H-5), 2.20-2.14 (1H, ddd, J =3.0, 6.7, 13.5, H-5). 13C-NMR/dept (400 MHz, CDCl3): 167.9, 159.4,
136.4, 129.9, 129.2, 128.6, 128.0, 127.7, 118.1, 113.9, 99.4, 86.7, 70.1, 69.3, 55.3, 52.6, 46.4, 40.4, 29.7, 14.1.
Configuration from 2D-NOESY analysis: endo[4 + 2], anti-endo[3 + 2]; anti with respect to the Ph group.
35b Rf = 0.22 in EtOAc/hexane 1:2, 1%Et3N. 1H-NMR (400 MHz, CDCl3): 7.33-
7.25 (5H, m, Ph), 7.12 (2H, d, J = 6.9, Ph), 6.89 (2H, m, Jab = 11.3, Ph), 5.34 (1H,
dd, J = 4.3, 10.2, H-2), 5.03 (1H, dd, J = 7.0, 8.0, H-6), 4.92 (1H, Jab = 11.9,
CH2O), 4.63 (1H, Jab = 11.9, CH2O), 3.80 (3H, s, CH3O), 3.68 (1H, dd, J = 4.3,
12.4, H-3), 3.43 (3H, s, CH3O), 3.29 (1H, dd, J = 2.8, 14.0, H-4), 2.88-2.79 (2H, m,
H-3, H-5), 2.16-2.10 (1H, ddd, J =2.9, 6.7, 13.5, H-5'). 13C-NMR/dept (400 MHz,
CDCl3): 167.4, 159.4, 136.4, 129.8, 129.2, 128.6, 127.8, 116.0, 113.9, 99.4, 86.8,
70.2, 69.3, 55.3, 52.7, 46.8, 39.7, 29.6. Configuration from 2D-NOESY analysis:
endo[4 + 2], anti-exo[3 + 2]; anti with respect to the Ph group
3a-(4-Methoxybenzyl)2-methyl 6-ethoxy-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-2,3a-dicarboxylate
(39)
398 mg (1.27 mmol) 38, 185 mg (2.57 mmol) 1 and 229 mg (2.66 mmol) methyl acrylate
3 were dissolved in CH2Cl2 and placed in a 7.5 ml Teflon vessel at 12 Kbar, RT for 15 h.
After depressurization and evaporation of the solvent, the crude reaction mixture was
purified by column chromatography (EtOAc/hexane 1:4, 1%Et3N) and 396 mg (0.84
mmol; 66%) 39 was isolated as a clear oil (mixture of diastereomers). One diastereomer
was isolated: 1H-NMR (300 MHz, CDCl3): 7.20-7.17 (3H, m, Ph), 7.08- 7.02(4H, m,
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Ph), 6.82-6.79 (2H, m, Ph), 5.20 (1H, dd, J = 3.8, 10.7, H-2), 4.99 (1H, dd, J = 6.8, 8.2, H-6), 4.72 (1H, Jab =
11.9, CH2O), 4.57 (1H, Jab = 11.9, CH2O), 4.04 (1H, m, CH3CH2O), 3.81 (3H, s, CH3O), 3.95 (1H, m,
CH3CH2O), 3.62 (3H, s, CH3O), 3.50 (1H, dd, J = 3.9, 12.4, H-3), 3.30 (1H, dd, J = 2.7, 14.0, H-4), 2.85-2.70
(2H, m, H-3, H-5), 2.14-2.06 (1H, ddd, J =2.8, 6.7, 13.3, H-5), 1.30 (3H, t, 7.1, CH3).
13C-NMR/dept (100 MHz, CDCl3); 169.9, 167.6, 159.5, 136.9, 130.3, 129.7-126.9, 113.7, 100.8, 84.8, 81.5,
67.3(CH2), 63.7(CH2), 55.2, 52.3, 46.9, 38.9(CH2), 29.7(CH2), 15.0. MS-CI (rel. int.) m/z: 592 (M+ +121, 0.96),
(472 (MH+, 0.70), 426 (0.82), 293 (5.15), 234 (12.51), 161(10.84), 137 (64.58), 122 (53.21), 121 (100.00), 105
(28.55), 104 (30.74), 91 (21.57), 77 (14.14).
Methyl 4-(3,4-dihydroxyphenyl)-6-[(4-methoxybenzyl)oxy]perhydroisoxazolo[2,3-b][1,2]oxazine-2-
carboxylate (41b)
175 mg (1.07 mmol) 8, 183 mg (1.01 mmol) 187 and 171 mg (1.99 mmol)
methyl acrylate 3 were dissolved in diethyl ether/CH2Cl2 10:1in a 7.5 ml Teflon
reaction vessel. After 16 h, RT, 15 Kbar, 370 mg (0.86 mol, 85%) of domino
adduct 41b was isolated after column chromatography (silica 60, CHCl3/MeOH
20:1, 1% Et3N) as a white foam (mixture of three diastereomers). Major
diastereomer: Rf = 0.55. 1H-NMR (300 MHz, CDCl3): 7.27-7.19 (2H, m, Ph),
6.87-6.76 (4H, m, Ph), 6.57-6.54 (1H, m, Ph), 6.50-6.0 (2H, broad s, OH), 5.14
(1H, dd, J = 4.6, 9.3, H-2), 4.97 (1H, t(br), J = 7.2, H-6), 4.86 (1H, Jab = 11.6,
CH2O), 4.55 (1H, Jab = 11.6, CH2O), 3,76 (3H, s, MeO), 3.71 (3H, s, MeO),
3.81-3.69 (1H, m, H-3a), 2.74-2.66 (1H, m, H-4), 2.59-2.42 (2H, m, H-3), 2.18-2.09 (1H, m, H-5), 2.01-1.93
(1H, m, H-5'). MS-CI (rel. int.) m/z: 432 (MH+, 14), 414 (81), 398 (100), 296, 278, 190, 165, 138, 121, 78). HR-
CIMS: m/z calcd. for MH+ (C22H26NO8) 432.16584, found 432.16569 ± 0.00043.
Methyl 6-[(4-methoxybenzyl)oxy]-4-(3-pyridyl)perhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (43a)
174 mg (1.16 mmol) nitroalkene 42a, 168 mg (1.02 mmol) enol ether 8 and
296 mg (3.4 mmol) methyl acrylate 3 were dissolved in CH2Cl2 and placed in
a 7.5 ml Teflon vessel at 15 Kbar, for 18 h. After depressurization and
evaporation of the solvent, the crude reaction mixture was purified by column
chromatography (EtOAc, 1%Et3N) 301 mg (0.75 mmol, 74%) of 43a was
obtained as a mixture of three diastereomers (clear oil). A second
chromatographical purification (EtOAc/hexane 3:1, 1%Et3N) and subsequent
crystallization from CH2Cl2/hexane yielded the major diastereomer as a white
solid, m.p.: 109-110 °C. 1H-NMR (300 MHz, CDCl3): 8.52 (2H, m, Py-H), 7.64 (1H, m, Py-H), 7.33-7.26(2H,
m, Py-H, pMeO-Ph-H), 6.88 (2H, m, Jab = 8.6, pMeO-Ph-H), 5.16 (1H, dd, J = 4.2, 8.6, OCHCOOMe)), 5.02
(1H, t, J = 6.9, OCHO), 4.90 (1H, d, Jab = 11.5, PhCH2O), 4.58 (1H, d, Jab = 11.5, PhCH2O), 3.80 (3H, s,
OCH3), 3.78 (1H, m, N-CH), 3.75 (3H, s, OCH3), 2.98-2.91 (1H, m, (Py)CH), 2.58-2.48 (2H, m, 5-ring-CH2),
2.32-2.21 (1H, m, 6-ring-CH2), 2.12-2.03 (1H, m, 6-ring-CH2). 13C-NMR (75 MHz, CDCl3): 170.4, 160, 149.2,
148.9, 137.2, 134.9, 129.7, 123.9, 113.8, 98.4, 81.5, 74.7, 68.9, 55.3, 52.6, 41.0, 35.3, 32.6. MS-CI: calcd. for
C21H24N2O6: m/z=400, found (rel. int.): 401 (MH+, 31), 383 (9), 341 (27), 300 (10), 166 (27), 138 (64), 121 (p-
methoxybenzyl cation, 100),109 (45), 87 (26), 77 (25), 55 (43). C21H24N2O6(400) C 62.99, H 6.04, N 7.00; found
C 62.55, H 6.14, N 6.93.
Methyl 4-(1H-indol-3-yl)-6-[(4-methoxybenzyl)oxy]perhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate
(43b)
0.30 g (1.7 mmol) nitroalkene 42b, 0.26 g (1.6 mmol) enol ether 1 and 0.17 g
(2.0 mmol) methyl acrylate 3 were dissolved in acetone (dried over 4Å mol.
sieves; poor solubility of 42b in chloroform) and placed in a 7.5 ml Teflon
vessel at 15 Kbar, RT for 18 h. After depressurization 1H-NMR analysis of the
crude reaction mixture showed 80% conversion of the enol ether. After column
chromatography (EtOAc/hexane 1:1, 1%Et3N) 0.41 g (0.49 mmol, 59%) of 43b
was obtained as a mixture of three diastereomers (clear oil). A second
chromatographical purification yielded the major diastereomer as clear oil. 1H-
NMR (300 MHz, CDCl3): 8.10 (1H, s (br), NH), 7.64 (1H, d, J = 7.8, Ind-H), 7.40-7.06 (2H, m, Ind-H, pMeO-
Ph-H), 6.87 (2H, d, Jab = 8.6, pMeO-Ph-H), 5.04 (1H, t, J = 7.2, OCHO), 4.92 (1H, d, Jab = 11.7, PhCH2O),
4.80 (1H, t, J = 8.0, OCHCOOMe), 4.61 (1H, d, Jab = 11.7, PhCH2O), 3.86 (3H, s, OCH3), 3.82 (1H, m, N-CH),
3.80 (3H, s, OCH3), 3.32-3.23 (1H, m, (Ind)CH), 2.70 (2H, t, J = 8.4, 5-ring-CH2), 2.46-2.36 (1H, dt, J = 7.8,
13.5, 6-ring-CH2), 2.19-2.12 (1H, m, 6-ring-CH2). 13C-NMR (75 MHz, CDCl3): 170.4, 160, 136.4, 129.9, 126.0,
122.4, 121.1, 119.8, 119.7, 116.4, 113.8, 111.3, 98.9, 81.5, 75.0, 71.3, 55.2, 52.6, 36.2, 36.2, 32.7. MS-CI: calcd.
for C21H24N2O6: m/z=438, found (rel. int.): 439 (MH+, 1), 438 (1), 303 (14), 302 (10), 271 (8), 237 (8), 225 (6),
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199 (12), 198 (11), 172 (23), 171 (21), 170 (12), 169 (8), 144 (15), 143 (48), 139 (14), 138 (35), 137 (26), 130
(17), 122 (22), 121 (100, p-methoxybenzyl cation), 117 (21), 109 (30), 107 (12), 91 (11), 78 (10), 77 (18), 70
(20), 55 (20). HR-CIMS: m/z calcd. for M+(C21H24N2O6) 438.17909, found 438.17955 ± 0.00058.
Methyl 6-[(4-methoxybenzyl)oxy]-4-(1H-pyrrol-2-yl)perhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate
(43c)
0.30 g (2.2 mmol) nitroalkene 42c, 0.181 g (1.1 mmol) enol ether 8 and 0.30 g
(3.5 mmol) methyl acrylate 3 were dissolved in CHCl3/EtOAc=1:10 and placed
in a 7.5 ml Teflon vessel at 15 Kbar, RT for 18 h. After depressurization and
evaporation of the solvent, the crude reaction mixture was purified by column
chromatography (EtOAc/hexane 1:2, 1%Et3N) 0.227 g (0.59 mol, 53%) of 43c
was obtained as a mixture of three diastereomers (clear oil) and 0.034 g (0.21
mmol, 20%) enol ether 8 was recovered. A second chromatographical
purification and subsequent crystallization from CH2Cl2/hexane yielded the
major diastereomer as white needles, m.p.: 131-134oC. 1H-NMR (300 MHz, CDCl3): 9.32 (1H, s (br), NH), 7.32
(2H, m, Jab = 8.6, pMeO-Ph-H), 6.88 (2H, m, Jab = 8.6, pMeO-Ph-H), 6.53 (1H, m, Pyr-H), 6.02 (1H, m, Pyr-H),
5.91 (1H, m, Pyr-H), 5.09-5.04 (2H, m, OCHCOOMe, OCHO), 4.96 (1H, d, Jab = 11.1, PhCH2O), 4.55 (1H, d,
Jab = 11.1, PhCH2O), 3.79 (3H, s, OCH3), 3.73 (3H, s, OCH3), 3.69 (1H, m, N-CH), 3.32-3.26 (1H, m, (Pyr)CH),
2.60 (1H, dd, J = 1.5, 10.5, 5-ring-CH2), 2.51-2.46 (1H, m, 5-ring-CH2), 2.25-2.14 (1H, m, 6-ring-CH2), 1.98-
1.90 (1H, m, 6-ring-CH2). MS-CI: calcd. for C20H24N2O6: m/z=388, found (rel. int.): 389 (MH+, 2), 268 (2), 237
(14), 235 (5), 147 (23), 138 (8), 122 (37), 121 (100, p-methoxybenzyl cation), 94 (12). C20H24N2O6 (388) C
61.85, H 6.23, N 7.21; found C 62.13, H 6.13, N 7.20.
2,4-Diphenylperhydroisoxazolo[2,3-b][1,2]oxazin-6-yl ethyl ether (45a)
1.49 g (10.0 mmol) 2, 864 mg (12.0 mmol) ethyl vinyl ether 1 and 2.08 g (20.0 mmol)
styrene 6 were dissolved in CH2Cl2 and placed in a 15 ml Teflon vessel at 15 Kbar, RT for
18 h. After depressurization and evaporation of the solvent, the crude reaction mixture was
purified by column chromatography (EtOAc/hexane 1:4, 1%Et3N) and 2.40 g (7.38 mmol;
74%) 45a was isolated as a clear oil (mixture of three diastereomers). Major diastereomer:
1H-NMR (300 MHz, CDCl3): 7.39-7.21 (10H, m, Ph), 5.72 (1H, dd, J = 6.0, 8.9, H-2), 5.03
(1H, dd, J = 7.3, 7.5, H-6), 4.09 (1H, m, CH2O), 3.91 (1H, q, J = 8.4, H-3a), 3.64-3.55 (1H, m, CH2O), 2.97-2.89
(1H, m, H-4), 2.60-2.53 (1H, m, H-3), 2.34-2.23 (2H, m, H-5), 2.23-2.08 (1H, m, H-3'). 1.30 (3H, t, J = 7.1,
CH3).
6-[(4-Methoxybenzyl)oxy]-2-phenyl-4-(3-pyridyl)perhydroisoxazolo[2,3-b][1,2]oxazine (45b)
1.289 g (7.96 mmol) 8, 1.752 g (11.7 mmol) and 2.179 g (21.0 mmol) styrene 6 are
dissolved in 15 ml EtOAc/ CH2Cl2 1:1. After applying a pressure of 15 Kbar for 18 h at RT
the reaction mixture is purified by column chromatography (silica 60, EtOAc/heptane 3:1,
1%Et3N) yielding 2.115 g (5.1 mmol, 65%) adduct 45b. Molybdenum reagent detection.
Major diastereomer: 1H-NMR (300 MHz, CDCl3): 8.51-8.48 (2H, m, Pyr-H), 7.39-7.24
(11H, m, Pyr-H, Ph), 5.77 (1H, dd, J = 6.0, 8.9, H-2), 5.09 (1H, t, J = 7.1, H-6), 4.93 (1H,
d, Jab = 14.0, CH2O), 4.63 (1H, d, Jab = 14.0, CH2O), 3.91 (1H, q, J = 8.4, H-3a), 3.77 (3H, s, CH3O), 3.08-2.93
(1H, m, H-4), 2.62-2.51 (1H, m, H-3), 2.36-2.22 (2H, m, H-5), 2.18-2.02 (1H, m, H-3').
3a-Methyl-2-phenyl-4-(3-pyridyl)perhydroisoxazolo[2,3-b][1,2]oxazin-6-yl ethyl ether (46)
0.99 mg (13.8 mmol) ethyl vinyl ether 1, 1.13 g (6.89 mmol) nitroalkene 42a and 1.43 g
(13.7 mmol) styrene 6 were dissolved in CH2Cl2 in a 1.5 ml Teflon reaction vessel. After 18
h, RT, 15 Kbar, 1.813 g (5.33 mol, 77%) of domino adduct 46 was isolated after column
chromatography (silica 60, EtOAc/heptane 2:1, 1% Et3N) as a clear oil (mixture of three
diastereomers, ratio 2/1). Major diastereomer was isolated after crystallization from
CH2Cl2/heptane; m.p. 125-128 °C. 1H-NMR (300 MHz, CDCl3): 8.53-8.50 (2H, m, Pyr-H),
7.55-7.51 (1H, m, Pyr-H), 7.37-7.25 (6H, m, Pyr-H, Ph), 5.90 (1H, dd, J = 7.5, 9.0, H-2), 5.07 (1H, dd, J = 7.3,
7.5, H-6), 4.10-4.02 (1H, m, CH2O), 3.65-3.55 (1H, m, CH2O), 3.35 (1H, dd, J = 2.5, 13.9, H-4), 2.89 (1H, dd, J
= 9.2, 12.0, H-3), 2.37 (1H, dt, J = 7.9, 13.6, H-5), 2.14-2.02 (2H, m, H-3', H-5'), 1.32 (3H, t, J = 7.1, CH3), 0.92
(3H, s, CH3). C20H21N2O2 (321): calcd. C 70.57, H 7.11, N 8.23; found C 70.28, H 6.61, N 8.19.
Minor diastereomer: 1H-NMR (300 MHz, CDCl3): 8.55-8.51 (2H, m, Pyr-H), 7.61-7.58 (1H, m, Pyr-H), 7.36-
7.23 (6H, m, Pyr-H, Ph), 5.95 (1H, dd, J = 4.1, 10.3, H-2), 4.95 (1H, dd, J = 1.9, 9.4, H-6), 4.13-4.05 (1H, m,
CH2O), 3.75-3.65 (1H, m, CH2O), 3.22 (1H, dd, J = 4.6, 13.3, H-4), 3.12 (1H, t, J = 10.9, H-3), 2.12 (1H, dt, J =
9.5, 13.1, H-5), 1.93 (1H, ddd, J = 1.9, 4.6,13.0, H-5'), 1.56 (1H, dd, J = 4.2, 11.4, H-3'), 1.28 (3H, t, J = 7.1,
CH3), 1.12 (3H, s, CH3).
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Hexahydro-2-[(4-methoxybenzyl)oxy]-6-phenyl-4-(3-pyridyl) pyrrolo [3’,4’:4,5] isoxazolo [2,3-
b][1,2]oxazine-5,7-dione (48)
20 mg (0.13 mmol) nitroalkene 42a, 22 mg (0.13 mmol) enol ether 8 and 25 mg
(0.14 mmol) N-phenyl maleïmide 47 were dissolved in CHCl3 and placed in a
7.5 ml Teflon vessel at 15 Kbar, RT for 18 h. After depressurization and
evaporation of the solvent, the crude reaction mixture was purified by column
chromatography (EtOAc/hexane 3:1, 1%Et3N) 60 mg (0.12 mmol, 90%) of 48
was obtained as a single stereoisomer, which was crystallized from
CH2Cl2/hexane to afford a white solid, m.p.: 175-178 °C. 1H-NMR (300 MHz,
CDCl3):  8.70 (1H, s (br), Py-H2) 8.53 (H, m, Py-H4), 7.75 (1H, d (br), J = 8.1,
Py-H5), 7.52-7.19 (8H, m, Py-H6 and N-Ph, PhH-2,6) 6.96 (2H, m, J = 8.6, PhH-3,5), 5.28 (1H, d, J = 8.0, H-
7a), 4.90 (1H, t, J = 6.7, H-2), 4.83 (1H, d, J = 11.7, H-1), 4.59 (1H, d, J = 11.7, H-1'), 3.92 (1H, dd, J = 7.0, 8.9,
H-4a), 3.76 (3H, s, OCH3), 3.74-3.68 (2H, m, H-4, H-4b), 2.38-2.25 (1H, dt, J = 7.9, 13.6, H-3), 2.07-1.99 (1H,
m, H-3'). MS-CI: calcd. for C27H25N3O6: m/z=487, found (rel. int.): 488 (MH+, 1.1), 457 (0.6), 435 (0.8),
350(0.9), 315 (6.2), 291 (2.7), 268 (2.3), 240 (2.7), 174 (30.5), 173 (55), 138 (37.1), 121 (100,
paramethoxybenzyl cation), 109 (24), 91 (20), 77 (24), 51 (17). C27H25N3O6 (487) C 66.52, H 5.17, N 8.62;
found C 66.27, H 5.26, N 8.45.
6-[(4-Methoxybenzyl)oxy]-3a-methyl-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazin-2-yl acetate (50)
96 mg (0.29 mmol) 10 and 118 mg (1.37 mmol) vinyl acetate 49 were
dissolved in CH2Cl2 in a 1.5 ml Teflon vessel and placed at 15 Kbar, RT for 18
h. After depressurization and evaporation of the solvent, the crude reaction
mixture was purified by column chromatography (EtOAc/hexane 1:4, 1%Et3N;
Rf = 0.13) and 49 mg (0.12 mmol; 41%) 50 was isolated as a light yellow oil
(mixture of two diastereomers). Major diast.: 1H-NMR (300 MHz, CDCl3):
7.35-7.13 (8H, m), 6.89-6.86 (2H, d, J = 8.6, Ph), 6.87 (2H, d, J = 5.8, Ph),
5.04 (1H, dd, J = 6.3, 8.3), 4.90 (1H, d, J = 5.8(2H, d, J = 11.7), 4.61 (1H, d, J
= 11.7), 3.80 (3H, s, MeO), 3.15 (1H, dd, J = 2.6, 14.0), 2.81 (1H, dd, J = 6.9, 13.3), 2.36 (1H, dt, J = 8.3, 13.6),
2.23 (1H, dd, J = 1.1, 13.2), 2.05 (3H, s, MeC=O) 2.03 (1H, m), 0.91 (3H, s, Me). 13C-NMR/-dept (75 MHz,
CDCl3): 169.6, 159.3, 139.2, 130.0, 129.6, 129.2, 127.5, 113.8, 100.8, 98.7, 69.2, 55.3, 46.6, 44.1, 29.9, 21.0,
18.6. MS-CI (rel. int.) m/z: 534 (M++121, 0.01), 354 (0.3), 322 (0.6), 294 (0.3), 293 (0.3), 276 (0.5), 270 (0.4),
264 (0.6), 253 (01.2), 218 (6), 190 (4), 189 (4), 188 (4), 174 (9), 173 (8), 162 (14), 157 (11), 138 (27), 137 (23),
121 (100), 109 (17), 104 (42), 91 (31), 84 (20), 78 (25), 77 (33).
6-[(4-Methoxybenzyl)oxy]-3a-methyl-4-phenyl-2-(phenylsulfonyl)perhydroisoxazolo[2,3-b][1,2]oxazine
(52)
100 mg (0.31 mmol) 10 and 170 mg (1.04 mmol) phenyl vinyl sulphone 90 were
dissolved in CH2Cl2 and placed in a 1 ml Teflon vessel at 15 Kbar, RT for 18 h.
After depressurization and evaporation of the solvent, the crude reaction mixture
was analyzed by TLC (EtOAc/hexane 1:4, 1%Et3N; Rf = 0.11) and 1H-NMR.
Complete conversion of the 10 produced two diastereomers in a 1/3 ratio
(probably endo/exo [3 + 2]). Purification and separation of the diastereomeric
products was not performed.
Allyl (1,1,1-triisopropylsilyl) ether (53) 40
1.112 g (19.1 mmol) allyl alcohol, 1.809 g (26.6 mmol) imidazole were dissolved in 75 ml
CH2Cl2. 5 ml (22.1 mmol) Triisopropylsilylchloride in 10 ml CH2Cl2 was added drop wise
under an inert atmosphere and the white suspension was stirred for 17 h. A spoon tip DMAP
was added and after another 4h stirring at RT. The reaction mixture was poured into 50 ml of
water. After extraction with 100 ml CH2Cl2 the solvent was evaporated and the crude mixture was purified over a
short column (silica; hexane) affording 3.00 g (14.2 mmol, 74%) of 53. 1H-NMR (100 MHz, CDCl3); δ(ppm), J
(Hz): 6.07-5.76 (1H, m, -CH=CH2), 5.39; 5.24; 5.12; 5.03 (2H, m, -CH=CH2), 4.25 (2H, m, -OCH2-), 1.09 (21H,
m, OSi(i-propyl)). 1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 6.07-5.76 (1H, m, J = 10.4, 17.1, -CH=CH2),
5.32 (1H, dddd, J = 1.8, 3.7, 5.5, 17.1, -CH=CH2), 5.08 (1H, dd, J = 1.8, 10.4, -CH=CH2), 4.25 (2H, dddd, J =
1.7, 3.8, 5.9, -OCH2-), 1.18-1.04 (21H, m, OSi(i-propyl)).
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6-[(4-Methoxybenzyl)oxy]-3a-methyl-4-phenyl-2-[(1,1,1-triisopropylsilyl)oxy] methylperhydroisoxazolo
[2,3-b][1,2]oxazine (54)
165 mg (1.00 mmol) 8, 158 mg (0.97 mmol) 5 and 265 (1.26 mmol) 53
were dissolved in CH2Cl2 and placed in a 7.5 ml Teflon vessel at 15 Kbar,
RT for 18 h. 1H-NMR analysis of the crude reaction mixture showed
conversion mainly to the mono adduct. After additional 24h at 50 °C and
15 Kbar the reaction mixture was purified by silica gel column
chromatography (EtOAc/hexane 1:2, 1% Et3N then EtOAc/hexane 1:10,
1% Et3N then EtOAc/hexane 1:40, 1% Et3N) affording 57 mg (0.11 mmol,
11%) of a mixture of two diastereomers of 54. Separation of the
diastereomers was achieved after column chromatography with eluent CH2Cl2 /MeOH 10:1, 0.1% Et3N.
54a (Minor diastereomer) 1H-NMR (400 MHz, CDCl3, 298K); δ(ppm), J (Hz):7.34-7.17 (7H, m, Ph), 6.88 (2H,
d, J = 8.6, Ph), 4.94-4.89 (3H, m, H-2, H-6, CH2O), 4.64 (1H, d, Jab = 11.6, CH2O), 3.85 (2H, dd, Jab = 4.6, 22.6,
H-1-OSiR3), 3.80 (3H, s, CH3O), 3.11 (1H, dd, J = 4.4, 13.3, H-4), 2.68 (1H, dd, J = 10,5 11.0, H-3), 2.13-2.04
(1H, m, H-5), 1.85 (1H, ddd, J = 2.6, 4.3, 11.3, H-5'), 1.43 (1H, dd, J = 4.5, 11.6, H-3'), 1.15 (3H, s, CH3), 1.11-
1.00 (21H, OSiR3). 13C-NMR/dept (100 MHz, CDCl3); 159.1, 147.1, 140.1, 129.8-127.3, 113.9, 98.4, 84.7, 75.2
(CH), 70.5(CH2), 63.7(CH2), 55.3, 47.3, 33.8(CH2), 31.4(CH2), 25.5, 17.9, 11.9.
Configuration from 2D-NOESY analysis: endo[4 + 2], syn-exo[3 + 2]; syn with respect to the Ph group
MS-CI (rel. int.) m/z: 542 (MH+, 1.05), 404(3.22), 272(18.02), 228(11.16), 173(15.50), 131(12.06), 122(17.70,
121(100.00), 103(9.68), 91(7.44), 77 (3.73). HR-EIMS: m/z calcd. for M+(C31H47NO5Si) 541.3224, found
541.3224 ± 0.0016.
54b (Major diastereomer) 1H-NMR (400 MHz, CDCl3, 298K); δ(ppm), J (Hz): 7.36-7.22 (5H, m, Ph), 7.17 (2H,
d, J = 7.1, Ph), 6.90-6.85 (2H, m, Ph), 5.00 (1H, dd, J = 7.2, 7.6, H-6), 4.97-4.86 (2H, m, H-2, CH2O), 4.64 (1H,
d, J = 12.0, CH2O), 3.92-3.84 (2H, m, CH2OSiR3), 3.80 (3H, s, CH3O), 3.24 (1H, dd, J = 2.2, 14.0, H-4), 2.44
(1H, dd, J = 9.5, 11.6, H-3), 2.35 (1H, dt, J = 8.1, 13.6, H-5), 2.14 (1H, dd, J = 6.6, 11.6H-3'), 2.01 (1H, ddd, J =
2.5, 6.8, 13.3, H-5), 1.13-0.99 (21H, OSiR3), 0.79 (3H, s, CH3), 13C-NMR/dept (100 MHz, CDCl3); 159.2, 140.0,
130.0-126.9, 113.8, 98.6, 85.6, 78.1 (CH), 68.8(CH2), 63.0(CH2), 55.3, 47.4, 40.1(CH2), 33.8(CH2), 23.2,
21.1,18.0, 11.9. Configuration from 2D-NOESY analysis: endo[4 + 2], anti-exo[3 + 2]; anti with respect to the
Ph group. MS-CI (rel. int.) m/z: 662 (M++121, 1.67), (542 (MH+, 1.05), 404(5.87), 272(17.30), 228(11.92),
173(12.02), 131(8.83), 122(11.25), 121(100.00), 103(6.51), 91(4.65), 77 (2.71). HR-EIMS: m/z calcd. for
M+(C31H47NO5Si) 541.3224, found 541.3224 ± 0.0011.
Methyl 6-[(4-methoxybenzyl)oxy]-2,3a-dimethyl-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-3-
carboxylate (56)
0.20 g (1.22 mmol) of 8, 0.20 g (1.22 mmol) of 5 and 0.12 g (1.22 mmol) of
acrylate 55 were dissolved in CH2Cl2 and placed in a 7.5 ml Teflon vessel at 15
Kbar, 50 °C for 18 h. After depressurization, the reaction mixture was concentrated
in vacuo and products were purified by silica gel column chromatography (hexane/
EtOAc, 5:1, 1% Et3N), which afforded 0.42 g (1.00 mmol, 82%) of 56 as a mixture
of three diastereomers in a ratio of 7/2/1 as clear oil. Major diastereomer: 1H-NMR
(300 MHz, CDCl3): 7.35-7.10 (7H, m, Ph), 6.87-6.83 (2H, d, J = 8.4, Ph), 5.24
(1H, dd, J = 6.3, 8.1, H-2), 5.06 (1H, t, J = 7.6, H-6), 4.90 (1H, Jab = 11.7, CH2O),
4.60 (1H, Jab = 11.7, CH2O), 3.79 (3H, s, OCH3), 3.77 (3H, s, COOCH3), 3.52 (1H, dd, J = 2.5, 13.9, H-4), 2.58
(1H, d, J = 8.4, H-3), 2.45-2.29 (1H, m, H-5), 1.98-1.91 (1H, m, H-5'), 1.41 (3H, d, J = 6.2, CH3), 1.05 (3H, s,
CH3).
Methyl 6-[(4-methoxybenzyl)oxy]-3a-methyl-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine-3-
carboxylate (58)
0.20 g (1.22 mmol) of 8, 0.20 g (1.22 mmol) of 5 and 0.20 g (1.24 mmol) of
acrylate 57 were dissolved in CH2Cl2 and placed in a 7.5 ml Teflon vessel at 15
Kbar, 50 °C for 18 h. After depressurization, the reaction mixture was
concentrated in vacuo and products were purified by silica gel column
chromatography (hexane/ EtOAc, 5:1, 1% Et3N), which afforded 0.44 g (0.90
mmol, 74%) of 58 as four diastereomers in a ratio of 21/5/3/2. After
crystallization from CH2Cl2/hexane the major diastereomer was obtained in pure
form as a white solid. Major diastereomer: m.p. 165-167 °C. 1H-NMR (300 MHz,
CDCl3): 7.34-7.13 (12H, m, Ph), 6.90-6.86 (2H, m, Ph), 6.17 (1H, d, J = 8.8, H-2), 5.14 (1H, d, J = 6.9, 7.9, H-
6), 4.93 (1H, Jab = 11.8, CH2O), 4.64 (1H, Jab = 11.8, CH2O), 3.79 (3H, s, OCH3), 3.76 (3H, s, COOCH3), 3.56
(1H, dd, J = 2.8, 13.4, H-4), 2.95 (1H, d, J = 8.8, H-3), 2.41 (1H, dt, J = 8.2, 13.7, H-5), 2.01 (1H, ddd, J = 2.9,
6.7, 13.5, H-5'), 1.21 (3H, s, C-4 CH3). 13C-NMR (75 MHz, CDCl3): 171.7 (COO), 159.2 (C-ipso), 139.1 (C-
ipso), 137.0 (C-ipso), 129.9-126.4 (C-Ph), 113.8 (C-Ph), 98.3 (C-6), 89.8 (C-2), 81.3 (C-3a), 69.0 (CH2O), 63.5
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(C-3), 55.3 (PhOCH3), 52.1 (COOCH3), 40.6 (C-4), 31.6 (C-5), 24.3 (C-4CH3) MS-EI: calcd. for C29H31NO6:
m/z=489, found (rel. int.): 352 (M-p-methoxybenzyl oxide, 0.12), 162 (28.4), 138 (10.1), 131 (55.6), 121
(100.0), 103 (31.45), 91 (13.8), 77 (31.7), 51 (16.1). HR-CIMS: m/z calcd. for M-p-methoxybenzyl oxide
(C21H22NO4) 352.1549, found 352.1550 +/- 0.0014. C29H31NO6 (489) C 71.15, H 6.38, N 2.86; found C 71.00, H
6.48, N 2.95.
2-[(3-Methoxybenzyl)oxy]-4-phenylperhydrobenzo[4,5]isoxazolo[2,3-b][1,2]oxazin-5-one (60)
91 mg (0.55 mmol) 8, 97 mg (0.65 mmol) 2 and 76 mg (0.79 mmol) cyclohexenon
59 were dissolved in CDCl3 in a 0.5 ml Teflon reaction vessel. After 15 h, RT, 15
Kbar 1H-NMR analyses showed 67% conversion to nitroso acetal 60. Nitroso acetal
15 was formed as side product. Compound 60 was precipitated from crude reaction
mixture in diethyl ether as a white solid, m.p. 99-100 °C. Major diastereomer: Rf =
0.22 (EtOAc/heptane=2:5, 1% Et3N). 1H-NMR (300 MHz, CDCl3): 7.39-7.21 (7H,
m, Ph), 6.88-6.85 (2H, m, Ph), 5.18 (1H, m, H-8a), 5.04 (1H, t, J = 7.2, H-2), 4.90
(1H, Jab = 11.7, CH2O), 4.58 (1H, Jab = 11.7, CH2O), 4.25 (1H, dd, J = 5.9, 8.6, H-
4a), 3.79 (3H, s, CH3O), 3.01-2.92 (2H, m, H-4, H-4b), 2.34-1.75 (8H, m, CH2).
C24H27NO5 (409): calcd. C 70.40, H 6.65, N 3.42; found C 70.19, H 6.59, N 4.36.
2-[(3-Methoxybenzyl)oxy]-4a,8a-dimethyl-4-phenylperhydrobenzo[4,5]isoxazolo [2,3-b][1,2]oxazin-5-one
(63)
92 mg (0.56 mmol) 8, 99 mg (0.61 mmol) 5 and 67 mg (0.61 mmol) 128 were
dissolved in CDCl3 in a 0.5 ml Teflon reaction vessel. After 96 h, 50 °C, 15 Kbar
161 mg (0.38 mmol, 69%) of domino adduct (63) was isolated after column
chromatography (silica 60, EtOAc/hexane 1:4, 1% Et3N) as a mixture of two major
diastereomers (a:b = 3:1). The formation of a small amount of p-methoxybenzyl
alcohol indicated a partial hydrolysis of one of the products under these reaction
conditions.
63a Rf = 0.27 in EtOAc/hexane 1:2, 1% Et3N.
63b Rf = 0.32 in EtOAc/hexane 1:2, 1% Et3N. Oil. 1H-NMR (300 MHz, CDCl3):
7.50-7.19 (7H, m, Ph), 6.91-6.87 (2H, m, Ph), 4.90 (1H, Jab = 11.7, CH2O), 4.88
(1H, t, J = 7.4, H-2), 4.61 (1H, Jab = 11.7, CH2O), 3.80 (3H, s, CH3O), 3.28 (1H, dd, J = 3.1, 14.2, H-4), 2.76
(1H, s, H-4b), 2.70-2.30 (5H, m, H-3, H-6, CH2), 1.97 (1H, ddd, J = 3.2, 6.5, 13.2, H-3'), 1.84-1.61 (2H, m,
CH2), 1.51 (3H, s, CH3), 0.96 (3H, s, CH3).
8a-Methoxy-3-methyl-4-phenyl-4a, 5,6,7,8,8a-hexahydro-4H-1,2-benzoxazin-2-ium-2-olate (65)
262 mg (1.61 mmol) 5 and 70 mg (0.63 mmol) 64 were dissolved in CDCl3 and placed in a 1.5
ml Teflon vessel at 15 Kbar, RT for 20 h. After depressurization, 1H-NMR of the crude
reaction mixture showed 50% conversion of the enol ether. After purification by column
chromatography (EtOAc/hexane 1:4, 1%Et3N) 66 mg (0.24 mmol; 38%) 65 was isolated as a
clear oil (Rf = 0.08). 1H-NMR (300 MHz, CDCl3): 7.34-7.18 (5H, m, Ph), 3.38 (3H, s, MeO),
3.35 (1H, d, J = 15, H-4), 2.32 (1H, d (br), J = 11.4, H-4a), 2.01 (3H, s, Me), 1.86-1.26 (8H,
m, CH2).
4a-methoxy-11b-methyl-12-phenylperhydrobenzo[e]benzo[4,5]isoxazolo[2,3-b][1,2]oxazin-11-one (66)
60 mg (0.54 mmol) 64, 107 mg (0.66 mmol) 5 and 60 mg (0.63 mmol) 121 were dissolved
in CDCl3 in a 0.5 ml Teflon reaction vessel. After 96 h, 50 °C, 15 Kbar 106 mg (0.29
mmol, 53%) of domino adduct 66 was isolated after column chromatography (silica 60,
EtOAc/hexane 1:3, 1% Et3N) as a mixture of two major diastereomers (ratio 1/1). A small
amount of the [4 + 2] mono adduct 65 was also isolated indicating that the reaction to the
domino adduct was not complete.
66a Rf = 0.47. White needles from CH2Cl2/hexane m.p. 169-171 °C. 1H-NMR (300 MHz, CDCl3): 7.35-7.21
(5H, m, Ph), 4.84 (1H, dd (b), J = 3.4, 6.9, H-7a), 3.92 (1H, d, J = 13.7, H-12), 3.41 (3H, s, OCH3), 2.69-2.61
(2H, m, H-12a, H-10), 2.53 (1H, d, J = 6.9, H-11a), 2.54-2.41 (1H, m, CH2), 2.30-2.20 (2H, m, H-10', CH2), 1.87
(1H, d (b), J = 10.6, CH2), 1.73-1.61 (2H, m, H-8, CH2), 1.51-1.42 (3H, m, CH2), 1.23-1.15 (3H, m, CH2), 1.05-
0.85 (1H, m, CH2), 0.79 (3H, s, CH3). C22H29NO4 (371.5), calcd. C 71.13, H 7.87, N 3.77; found C 71.05, H
7.55, N 3.85. From 1H-NMR analysis 66a was assigned as arising from an endo[4 + 2] and anti-endo [3 + 2]
cycloaddition.
66b Rf = 0.37. White small needles from CH2Cl2/hexane m.p. 165-170 °C. 1H-NMR (300 MHz, CDCl3): 7.40-
7.11 (5H, m, Ph), 5.16 (1H, m, J = 5.6, 9.6, 10.5, 15.2, H-7a), 3.43 (3H, s, OCH3), 3.41 (1H, d, J = 14.3, H-12),
3.38 (1H, d, J = 15.2, H-11a), 2.61-2.56 (1H, dd (b), J = 4.5, 13.5, H-12a), 2.46-0.90 (14H, m, CH2), 0.86 (3H, s,
CH3). MS-CI (rel. int.) m/z: 372 (MH+, 22), 341 (100), 276 (56), 245 (42), 204 (100), 187 (92), 154 (24), 106
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(44). HR-CIMS: m/z calcd. for MH+ (C22H30NO4) 372.21748, found 372.21657 ± 0.00121. From 1H-NMR
analysis 66b was assigned as arising from an endo[4 + 2] and anti-exo [3 + 2] cycloaddition. Both compounds
are soluble in hexane.
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Chapter 3
Two-component
Domino [4 + 2]/[3 + 2] Cycloadditions
3.1 Introduction
One of the advantages of the use of high-pressure in the domino [4 + 2]/[3 + 2] cycloaddition,
already mentioned in chapter 2, is that 1,2-disubstituted olefins such as methyl cinnamate and
methyl crotonate can be used as dipolarophile. At ambient pressure most 1,2-disubstituted
olefins are known to be unreactive in the [3 + 2] cycloaddition with nitronates.1,2 However,
under high-pressure conditions, methylcinnamate or methylcrotonate were found to react
readily in one-pot domino cycloadditions involving enol ether 1, 1-nitro-2-phenylpropene 5b.
The 2,3-disubstituted nitroso acetals 3 and 4 were obtained through completely regioselective
[4 + 2] and [3 + 2] cycloaddition reactions, Scheme 1.
pMBO N+O O
Ph
N
+OpMBO O
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N OpMBO
R1
Ph CO2Me
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These results stimulated us to study the reactivity of other 1,2-disubstituted olefins under
high-pressure conditions, including β-nitrostyrene.3 We reasoned that when 1 equiv. of enol
ether and two equiv. of β-nitrostyrene were used it should be possible to carry out a domino
cycloaddition with β-nitrostyrene reacting as heterodiene as well as 1,2-disubstituted
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dipolarophile. Hereby taking into account that an electron-poor alkene reacts faster in the
[3 + 2] cycloaddition than an electron-rich enol ether.
The scope of this reaction was studied in detail using several acyclic and cyclic enol ethers as
well as heteroaromatic and alkyl substituted nitroalkenes. The results of this study, including
the influence of the different components (i.e. enol ether and nitroalkene) on the regio-
selectivity in the [3 + 2] cycloaddition, are described in the next sections.
3.2 Results and discussion
3.2.1 Regio- and stereoselectivity
In contrast to the complete regioselectivity observed in the 1,3-dipolar cycloaddition of
nitronate 2 and methyl cinnamate or methyl crotonate, the [3 + 2] cycloaddition of β-
nitrostyrene (5a) and nitronate intermediate 6a was not completely regioselective. Regio-
isomers 7 and 8 were formed, as mixtures of diastereomers, in a 7/3 ratio after the high-
pressure promoted domino cycloaddition of enol ether 1 with 2 equiv. β-nitrostyrene (5a) in
83% at 15 Kbar, RT, 18 h, Scheme 2. The formation of the 2-nitro substituted regio-isomer 7
pMBO N+O O
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N
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Ph
NO2
Ph
O
N OpMBO
Ph Ph
NO2
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Ph NO2
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7 8
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2
as major product was rather unexpected, since it was the opposite regio-isomer in comparison
with the outcome of similar 1,3-dipolar cycloadditions of nitrones and nitroalkenes.4 This
regioselectivity will be discussed in more detail in the last section of this chapter.
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The major product 7a and regio-isomers 8a and 8b were formed in an 18:7:1 ratio (1H-NMR
analysis of the crude reaction mixture), Figure 1.5
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Figure 1. Relative configuration of nitroso acetals 7a, 7b, 8a, 8b, 8c and β-lactam 9
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To prevent hydrolysis of the nitroso-acetals during purification on silica gel 1% Et3N was
added to the eluent. After chromatographical purification, β-lactam 9 and nitroso acetals 8c
and 8b were isolated in an 18:7:1 ratio, indicating a complete conversion of 7a to 9 and 8a to
8c.6 Diastereomer 7b or the C-5 epimer of 9 were not detected in the reaction mixture. By
selective crystallization of compound 8a from the crude reaction mixture and X-ray analysis,
it was possible to determine its relative configuration as arising from an endo[4 + 2]-anti-
endo[3 + 2] cycloaddition, Figure 2.
Figure 2. PLUTON7 drawing of the X-ray structure of compound 8a
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In agreement with the concerted character of a 1,3-dipolar cycloaddition, the reaction of E-β-
nitrostyrene with nitronate 6a yielded the nitroso acetal 8a with a trans-relation between the
C3 nitro and the C2 phenyl-group. The relative configuration of the cycloadducts 8b and 8c
Figure 3. 2D-NOESY 1H-NMR spectrum of domino-adduct 8c
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was established by high field 2D-NOESY 1H-NMR experiments. In Figure 3 the 2D-NOESY
spectrum of nitroso acetal 8c is depicted, showing the strong H2-H3 contact, which implicates
a cis-relation between the nitro group at C3 and the phenyl group at C2. Furthermore, NOE
contacts between H3-H4, H4-H5 and H5-H6 implicate a cis-relation between these protons,
which is confirmed by the absence of H3-H3a, H4-H5', and H5'-H6 contacts.
From this analysis nitroso acetal 8c was assigned as the C-3 epimer of the endo[4 + 2]-anti-
endo[3 + 2] isomer 8a formed via a base-promoted epimerization of 8a, Scheme 3.8
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Ph NO2
Ph
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N O
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Ph NO2
Ph
H
8c8a
cat. Et3N
Scheme 3
3 3
Notably, proton H2 showed a doublet at 6.2 ppm, which appeared to be characteristic for the
configuration of the 5-membered ring of nitroso acetal 8c.
The relative configuration of the minor domino-adduct 8b was assigned after 2D-NOESY
analysis as arising from an endo-anti-exo cycloaddition (anti with respect to the phenyl
group), Figure 4. As expected there was a trans-relation between the nitro group at C3 and the
The relative configuration of the minor domino-adduct 8b was assigned after 2D-NOESY
analysis as arising from an endo-anti-exo cycloaddition (anti with respect to the phenyl
group), Figure 4. As expected there was a trans-relation between the nitro group at C3 and the
phenyl group at C2, indicated by a weak H2-H3 contact. The strong H3-H4 contact and the
absence of an H3-H3a contact implicated a cis-relation between H3 and H4 and a trans-
relation between H3 and H4 and between H3 and H3a. The H4-H5, H4-H6 and H5-H6
contacts and the absence of H4-H5' and H6-H5' contacts showed a cis-relation between H4,
H5 and H6. Notably, proton H2 showed a doublet at 5.8 ppm, which appeared to be
characteristic for the configuration of the 5-membered ring of nitroso acetal 8b.
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Figure 4. 2D-NOESY 1H-NMR spectrum of domino-adduct 8b
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Despite the relative instability of compound 7a, some crystals were obtained from the crude
reaction mixture and the structure of 7a was assigned by 1H-NMR, Scheme 4. Notably, proton
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H2 showed a doublet at 6.3 ppm, which appeared to be characteristic for the configuration of
the 5-membered ring of nitroso acetal 7a. Surprisingly, the major regio-isomer 7a was
converted into β-lactam 9 during purification on silica gel using an eluent containing 1%
Et3N, pointing to a base promoted rearrangement, Scheme 4 and Figure 5.
Figure 5. PLUTON7 drawing of the X-ray structure of compound 9
The same β-lactam 9 was obtained after stirring the crude reaction mixture in CH2Cl2 with
Et3N. In agreement with these results it was suggested that first the acidic proton adjacent to
the nitro group is abstracted by the base, followed by N-O bond cleavage and elimination of
nitrite.9 In summary, it can be concluded that all products arise from an anti approach of β-
nitrostyrene to the nitronate dipole in the [3 + 2] dipolar cycloaddition (anti with respect to
the phenyl group), which result in a trans-relation between H3a and H4 in all cycloadducts.
Complete regio- and endo selectivity was observed in the [4 + 2] cycloaddition, whereas the
[3 + 2] cycloaddition proceeded with variable regio-selectivity and with exo selectivity
(8b/8c=1/7). However, β-lactam 9 was formed after a completely endo selective [4 + 2] and
exo selective [3 + 2] cycloaddition; the C-5 epimer of β-lactam 9 was not detected. From 2D-
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NMR analysis the 6-membered ring formed after the endo selective hetero Diels-Alder
reaction was assigned as having a chair-like conformation for regio-isomer 8b, 8c and β-
lactam 9.
Interestingly, the X-ray structure of β-lactam 9 showed the presence of parallel oriented
channels with aromatic walls holding cyclohexane molecules, which were present in the
solvents from which the compound was crystallized, Figure 6.
Figure 6. X-Y projection of a part of the crystal cell of the inclusion compound 9 with (left)
and without (right) cyclohexane
β-Lactam 9 is an inclusion compound and cyclohexane was selectively included after
crystallization from a mixture of n-hexane/CH2Cl2 (n-hexane contains 3-10% cyclohexane
according to GC-analysis).10 In order to determine the ability of 9 to include aromatic
compounds, it was tried to crystallize the (cyclohexane containing) β-lactam crystals from
benzene, xylene and toluene. In benzene and xylene, an amorphous precipitate was obtained.
Crystals were obtained from toluene but unfortunately, the quality of the crystals was not
good enough for X-ray analysis. However, after drying the crystals in vacuo, 1H-NMR-
analysis showed the absence of the cyclohexane signal, whereas toluene signals were still
present. This might be an indication for the inclusion of toluene molecules in the crystal
lattice.
After the successful results obtained with β-nitrostyrene acting as heterodiene and
dipolarophile in the domino cycloaddition with enol ether 1, the substituted 1-phenyl-2-
nitropropene (5b) was reacted under the same conditions with p-methoxybenzyl vinyl ether
(1). First, both components reacted stereoselectively to give the endo [4 + 2] adduct 2, which
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was isolated as the only product formed at 15 Kbar, RT after 18 h. 1-Phenyl-2-nitropropene
5b failed to react as dipolarophile in the second cycloaddition with nitronate 2, not even under
more extreme conditions (15 Kbar, 50 °C, 96 h). Apparently, even high-pressure conditions
cannot overcome the severe steric hindrance in this 1,3-dipolar cycloaddition. However,
nitronate 2 reacted with β-nitrostyrene (5a) at 15 Kbar, RT within 72 h in a completely regio-
and stereoselective fashion to give bicyclic nitroso-acetal 10, Scheme 5.
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The next section describes the scope of the domino cycloaddition in which β-nitroethenes
react as heterodiene and as dipolarophile with mono-, di- and tri-substituted enol ethers.
3.2.2 Variation of enol ether
3.2.2.1 Acyclic enol ethers
The domino [4 + 2]/[3 + 2] cycloaddition of ethyl vinyl ether (11) and 2 equiv. of β-
nitrostyrene (5a) yielded the same product mixture as described for p-methoxybenzyl vinyl
ether (1) although the reaction proceeded much faster. Within 2 h at 12 Kbar and RT complete
conversion of the enol ether 11 was observed. 1H-NMR-analysis of the crude reaction mixture
showed again formation of three products indicated by the three characteristic signals at 6.3,
6.5 and 5.8 ppm for compounds 12a, 13a and 13b (ratio 23/9/1) respectively, Figure 7.
After column chromatographical purification the nitroso acetals 13b and 13c and β-lactam 14
were isolated in 69% overall yield. Neither regio-isomer 12b nor the C-5 epimer of 14 were
detected in the reaction mixture.
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The 2,2-dialkylsubstituted enol ether 1511 reacted with 2 equiv. of nitrostyrene 5a in CDCl3
and produced mainly one diastereomer 16a (H-2: 6.43 ppm) at 15 Kbar, RT, 16 h, showing
80% conversion of the enol ether, Scheme 6.
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Higher temperatures (40 °C, 16 h) or longer reaction times (110 h, RT) did not improve the
yield. Purification of the reaction mixture by column chromatography resulted in partial
degradation of the domino product. Crystallization (hexane/CH2Cl2) of the main fraction,
obtained after column chromatography, gave nitroso acetal 16c in 43%. The H2-signal at 6.1
ppm, which was not present in the 1H-NMR of the crude reaction mixture, was assigned to
16c, the C3 epimer of 16a. The configuration of nitroso acetal 16c was based on the
comparison of its spectral data with those of other nitroso acetals. The fact that nitroso acetal
16a was formed from a completely regio- and stereoselective [3 + 2] cycloaddition reaction
might indicate that there is a directing effect of the C-5 methyl-substituent at the nitronate
dipole (cis with the C-4 phenyl group) in this cycloaddition.12
Next the di-substituted enol ether 1-[(Z)-2-methoxy-1-propenyl]benzene (17)11 was reacted
with β-nitrostyrene (5a) at 15 Kbar, RT, for 18 h, Scheme 7.
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Under these conditions approximately 50% of the [4 + 2] adduct was found in the crude
reaction mixture together with nitroso acetal 20c and β-lactam 21, in a ratio of 3:1:2.
Apparently, the enol ether substituents in the [4 + 2] adduct hindered the [3 + 2]
cycloaddition, given the relatively low conversion towards the domino adducts.
3.2.2.2 Cyclic enol ethers
Next, the behavior of the cyclic enol ether 2,3-dihydrofuran (22) in the domino [4 + 2]/[3 + 2]
cycloaddition with an excess of β-nitrostyrene (5a) was examined. At 15 Kbar, RT, and 30 h
the reaction of 22 with 2 equiv. of 5a was complete and gave domino-adducts 23a, 24a and
24b as a mixture of regio- and diastereomers. Again three major products were formed
according to the appearance of three H2 signals in the 1H-NMR of the crude reaction mixture
at 6.50, 6.38 and 5.90 ppm (ratio 6/3/1), which were assigned to compounds 23a, 24a and 24b
respectively, Scheme 8.
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Similar to the previous results, treatment with base resulted in conversion of diastereomer 23a
in β-lactam 25 and diastereomer 24a in nitroso acetal 24c. The relative configuration of
compound 23a, 24b, 24c and 25 was assigned after 2D-NOESY 1H-NMR analysis. Nitroso
acetal 24b was assigned as arising from an exo[4 + 2] and anti-exo[3 + 2] approach, Figure 8.
Figure 8. 2D-NOESY 1H-NMR spectrum of compound 24b (measured at 280 K to separate
the H-2 from the H-7a signal)
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The weak H4a-H4 contact (trans-relation) and the absence of an H7a-H4 contact (trans-
relation) indicated an exo approach of the dienophile in the Diels-Alder reaction with β-
nitrostyrene. This exo selectivity is not surprising since an endo approach of dihydrofuran to
nitrostyrene is accompanied by strong steric hindrance of the methylene groups of the furan
ring. Additional evidence for the trans-relation of H4 and H4a are the H4a-H5' and H4-H5
contacts and the absence of the H4-H5' and H4a-H5 contacts. Furthermore, from the
occurrence of a strong H3-H4 contact (cis-relation), a weak H3-H3a and H2-H3 contact
(trans-relation), and a moderate H2-H3a contact (cis-relation) the relative configuration of the
5-membered ring could be established. This result in combination with energy minimization
calculations13 resulted for 24b in a structure with a cup-shaped conformation of the tricyclic
skeleton, which explains the H3-H5 and H3-H6 contact observed in the 2D-NOESY
spectrum, Figure 9.
Figure 9 Calculated structure of 24b showing a H3-H5 distance
of 2.2 Å in the cup-shaped tricyclic skeleton
2D-NOESY analysis of nitroso acetals 24a and 24b showed similar results, except for the H2-
H3-H3a contacts (trans-trans for 24a and trans-cis for 24b, respectively). Both compounds
were assigned as arising from and an exo-anti-exo approach. Nitroso acetal 24c was obtained
after C2 epimerization of 24a. In contrast to the nitroso acetals 24a, 24b and 24c, the β-lactam
25 was assigned as resulting from an endo-[4 + 2] cycloaddition. The relative configuration of
24 was assigned based on the strong H4-H3a contacts (cis-relation), the H4-H8a contact (cis-
relation), and the weak H4a-H4 contact (trans-relation), Figure 10.
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Figure 10. 2D-NOESY 1H-NMR spectrum of β-lactam 25
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It is known that dihydropyrans are less reactive than dihydrofurans in cycloaddition reactions
because of the lower ring strain. Although dihydropyran (26) was found to be reactive in a
three-component system with β-nitrostyrene (5a) and methyl acrylate under high-pressure
conditions (see chapter 2), the reaction of 26 in the two-component domino [4 + 2]/[3 + 2]
cycloaddition with 2 equiv. of β-nitrostyrene (5a) did not result in any product formation, not
even at higher temperatures (50 °C) and longer reaction times (4 days), Scheme 9.
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When 1-methoxy-1-cyclohexene 28 bearing an exo-cyclic alkoxy group, was used as cyclic
enol ether in the domino cycloaddition with 2 equiv. of β-nitrostyrene (5a), the tricyclic
nitroso acetals 29b, 29c and β-lactam 30 were isolated after column chromatography in 41%
overall yield in a ratio of 1/2/7, Scheme 10.
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The regioselective outcome was in line with the results, obtained with the non-cyclic p-
methoxybenzyl vinyl ether (1), see fig. 1. All cycloadducts were formed after a completely
endo selective [4 + 2] cycloaddition and an anti-selective [3 + 2] cycloaddition, which was
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determined by 2D-NOESY analysis. The endo approach of the methoxycyclohexene (28)
allows the stericly demanding cyclohexane ring to be in the exo position.
Nitronate 31, which was obtained after the hetero Diels-Alder reaction of 1-methoxy-
cyclohexene (28) and 1-phenyl-2-nitropropene (2), reacted with β-nitrostyrene in a
completely regioselective fashion to produce tricyclic nitroso acetal 32, Scheme 11.
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In this example epimerization at C-3 after column chromatography was not observed,
probably due to the steric hindrance of the neighboring methyl group.
The directing effect of the enol ether substituents on the regiochemical outcome of the [3 + 2]
cycloaddition was also observed in the reaction of the tri-substituted enol ether 33 with β-
nitrostyrene (5a), Scheme 12. After the domino [4 + 2]/[3 + 2] cycloaddition a diastereomeric
mixture of 34a and 34b was isolated. Both diastereomers 34a and 34b were separated by
column chromatography and the pure compounds were isolated in 9% and 6% yield,
respectively.14 From 2D-NOESY analysis the products were assigned as arising from a
completely stereoselective endo[4 + 2] and exo[3 + 2] cycloaddition. A 2D-NOESY analysis
of nitroso acetal 34a revealed the typical contacts between H4-H8 and H3-H4, Scheme 12.
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3.2.2 The effect of nitroalkene substituents on the regioselectivity in
the [3 + 2] cycloaddition
In this section, the electronic and steric effects of nitroalkenes 5a-h on the regioselectivity in
the [3 + 2] cycloaddition with nitronate 6a-h are examined more closely. Nitronate
cycloadditions like nitrone cycloadditions are believed to be Type 2 processes in which both
possible FMO interactions may be significant.15 The interaction that dominates in a particular
case will depend on the nature of both the dipole and the dipolarophile. In nitrone
cycloadditions, most dipolarophiles undergo cycloaddition to give 5-substituted
isoxazolidines with high regioselectivity, Scheme 13.
N
R2
R1
O
R3NO2 O
NR2
R1
R3
O
NR2
R1
O2N
Scheme 13
4-regioisomer 5-regioisomernitrone
4 5
+
_
As the ionization potential (HOMO energy) of the nitrone decreases or the electron affinity
(LUMO energy) of the dipolarophile increases, an increasing tendency towards production of
the 4-substituted isoxazolidines is observed. To explain these observations in terms of FMO
interactions a switch over from a LUMOdipole to a HOMOdipole controlled [3 + 2] cycloaddition
has been proposed at some point, as one increases the electron withdrawing power of the
substituents of the alkene. That point is apparently approached with, for instance, methyl
acrylate since regio-isomeric mixtures of adducts have been encountered with this
dipolarophile.16
A similar switch over might be proposed in the two-component domino [4 + 2]/[3 + 2]
cycloaddition of enol ether 1 and nitrostyrene 5a (see Scheme 2), in which a mixture of
regioisomers 7 and 8 is produced. In order to get better insight in the electronic and steric
parameters that influence the regioselectivity in the [3 + 2] cycloaddition the regiochemical
behavior of several β-substituted nitroalkenes 5a-h was studied. The β-substituents of the
nitroethenes differed in electronic character as well as in size, and were prepared in one step
via a microwave-assisted Knoevenagel condensation in the presence of a catalytic amount of
ammonium acetate, Scheme 14 and Table 1.17
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O
R1
R2
NO2
R1
NH4OAc
R2CH2NO2
Scheme 14
microwave 5
R1 NO2
Ar
c.y. (%)Arcompoundentry
phenyl
4-fluorophenyl 56
4-methoxyphenyl 63
2,5-dichlorophenyl 82
2
6
4
8
855b
5f
5d
5h
R1
Me
H
H
H
Table 1. One-pot synthesis of 1-nitro-2-arylethenes 5
2'-naphtyl 843 5c H
3,4-dimethoxyphenyl 875 5e H
5
phenyl1 *5a H
4-cyanophenyl *7 5g H
* Prepared via another method (see chapter 2)
The two-component domino [4 + 2]/[3 + 2] cycloaddition of p-methoxybenzyl vinyl ether (1)
with the aryl-substituted nitrostyrenes 5a-h was carried out under standard conditions (15
Kbar, RT, 18 h) and the regiochemical outcome was determined by 1H-NMR-analysis of the
crude reaction mixture, Figure 11. The regio-isomeric ratio was derived from integration of
the characteristic H-2 signals of regio-isomer 35 (6.3 ppm) and regio-isomers 36i and 36ii
(5.8 and 6.5 ppm, respectively). In most reactions, the conversion of enol ether 1 was
complete under the standard conditions (15 Kbar, RT, 18 h). The reaction of p-methoxy-
nitrostyrene 5d (entry 6) was performed at 50 °C to reach complete conversion of 1,
indicating a decreased reactivity of this nitroalkene. The reaction of 3,4-dimethoxy substituted
5e (entry 7) did not result in nitroso acetal formation. In both cases most likely, the electron
releasing methoxy substituent(s) deactivated the heterodiene in the hetero Diels-Alder
reaction by elevating its LUMO energy.
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The experimental results depicted in Figure 11 show that the 35/36(i,ii) ratio is not
significantly effected by the electron releasing or withdrawing power (σ) of the substituent(s)
on the aryl-group of the 1-nitro-2-arylethene.18 Differences in the 35/36(i,ii) ratio between the
phenyl substituent and the electron rich (4-methoxyphenyl) or the electron poor (4-
cyanophenyl) substituent (entry 4, 6 and 2) are very small.
RO N+O O
Ar
O
N ORO
Ar NO2
Ar
O N ORO
Ar Ar
NO2
Ar
NO2
O N ORO
Ar NO2
ArN
+ORO O
Ar
H
+
[4+2]
15 kbar
35 36i
+
35/36*Arentry
phenyl
2'-naphtyl (R=Et)
4-fluorophenyl 5/5
4-cyanophenyl 7/3
4-methoxyphenyl 5/5
2,5-dichlorophenyl 5/5
3,4-dimethoxyphenyl n.r.#
4
2
3
6
1
7
5 0/10
7/35a
5c
5f
5g
5d
5h
5e
* Determined by 1H-NMR
# Reaction stopped at nitronate level
Figure 11. Aryl substituted nitroethenes in the two component domino [4 + 2]/[3 + 2] cycloaddition
1 5
0.15
0.70
-0.28
-
0.00
[3+2]
σnitroalkene
+
36ii
-
-
R=pMB
Likely, aryl-substitution in the nitronate does not have a profound effect on the regioselective
outcome because the aryl group is not directly connected to the reaction center of the nitronate
dipole. However, aryl-substitution in the dipolarophile is expected to have a much stronger
effects on the regioselectivity. It was tried to get more insight in this regioselectivity by
looking at predictions based on the FMO-theory,19 on charge calculations and on steric
interactions.
The results of the calculated HOMO and LUMO energies and orbital coefficients as well as
the calculated EP and Mulliken charges20 for the aryl-substituted nitronates 6a and
nitroalkenes 5a-h are presented in Tables 2 and 3, and for the alkyl-substituted nitronates 6a
and nitroalkenes 5i-l in Tables 4 and 5.
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O N+
R2
OpMBO
H3
Eheat (kcal/mol)R2
phenyl -24.5
4-fluorophenyl -68.1
4-cyanophenyl 10.8
4-methoxyphenyl -62.7
2,5-dichlorophenyl
3,4-dimethoxyphenyl -97.1
HOMO LUMO O C
charges *
EP
-0.477 -0.540
Table 2. MOPAC PM3-calculations of aryl-nitronate 6a
-9.12 0.46
-9.66 0.44 -0.467 -0.572
-9.79 0.22
-9.65 0.32 -0.474 -0.556
-0.547 -0.473
-9.67 0.40 -0.468 -0.605
-9.59 0.36 0.271 0.400-34.1
0.485
-0.441
0.418
0.335
-0.442
-0.521 0.244 0.338
-0.373
0.537
-0.501
-0.387
0.539
0.459
0.305
-0.303
0.297
-0.306
-0.451
0.421
-0.408
0.404
-0.420
-0.421
*The charge of C is the sum of the charge of C3 and H3
OCoeff CCoeffOCoeff CCoeff
2'-naphtalene -9.0 -9.62 0.44 -0.457 -0.483-0.501 0.643 -0.409 0.492
Mull.
O C
charges *
-0.568 -0.458
-0.555 -0.467
-0.565 -0.556
-0.461 -0.580
-0.554 -0.468
-0.538 -0.463
-0.401 -0.474
entry
4
6
3
2
7
1
5
3
R2
NO2
Eheat (kcal/mol)R2entry
phenyl 28.4
4-fluorophenyl 14.6
4-cyanophenyl 37.6
4-methoxyphenyl -10.3
2,5-dichlorophenyl
3,4-dimethoxyphenyl
-43.1
HOMO LUMO C1 C2
charges *
EP
-0.186 0.002-10.05 -1.44
-11.61 -1.36 -0.205 0.022
-12.28 -1.93
-10.11 -1.64 -0.194 0.032
-0.169 -0.001
-11.72 -1.54 -0.204 0.059
-10.11 -1.46 0.443 0.50619.9
0.445
0.544
0.540
0.425
0.388
0.188 0.450 -0.523
0.316
0.450
0.494
0.174
0.320
0.136
0.441
0.422
-0.442
-0.445
-0.094
0.522
-0.448
0.496
0.509
-0.148
*The charge of C1 and C2 is the sum of the charge of C1 and H1, and C2 and H2
C1Coeff C2CoeffC1Coeff C2Coeff
2'-naphtalene 45.6 -11.72 -1.55 -0.232 0.086-0.459 -0.389 -0.412 0.492
C1
C2
Table 3. MOPAC PM3-calculations of aryl-nitroalkene 5
Mull.
C1 C2
charges *
-0.400 0.226
-0.380 0.236
-0.363 0.218
-0.350 0.215
-0.368 0.227
-0.319 0.218
-0.367 0.031
4
6
3
2
7
1
5
O N+
R2
OpMBO
H3
Eheat (kcal/mol)R2
Me -61.20
Et -66.65
tBu -74.51
c-hexyl -79.89
HOMO LUMO O C
charges
EP
-0.456 -0.571
Table 4. MOPAC PM3-calculations of alkyl-nitronate 6a
-9.63 0.427
-9.51 -0.489 -0.475 -0.715
-9.52 0.500
-9.63 0.420 -0.485 -0.637
-0.558 -0.470
-0.478
0.442
0.447
0.534
0.590 -0.301 -0.446
-0.529
0.534
-0.596
0.314
-0.314
0.302
0.417
-0.421
0.450
*The charge of C is the sum of the charge of C3 and H3
OCoeff CCoeffOCoeff CCoeff
Mull.
O C
charges *
-0.555 -0.475
-0.557 -0.468
-0.555 -0.476
-0.474 -0.679
entry
1
3
2
4
3
R2
NO2
Eheat (kcal/mol)R2entry HOMO LUMO C1 C2
charges *
EP
-0.262 0.189-0.93
-0.90 -0.247 0.117
-0.85
-0.91 -0.270 0.155
-0.232 0.104
-0.712
0.528
0.709
0.686
-0.542 -0.482 -0.681
0.400
0.558
0.516
-0.484
0.477
0.481
0.677
-0.677
-0.681
*The charge of C1 and C2 is the sum of the charge of C1 and H1, and C2 and H2
C1Coeff C2CoeffC1Coeff C2Coeff
C1
C2
Table 5. MOPAC PM3-calculations of alkyl-nitroalkene 5i-l
Mull.
C1 C2
charges *
-0.357 0.163
-0.350 0.166
-0.358 0.164
-0.348 0.166
1
3
2
4
Me -4.35
Et -9.25
tBu -19.17
c-hexyl -17.69
-11.49
-11.48
-11.57
-11.45
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The calculated HOMO and LUMO energies of nitronate 6a and nitroethene 5a-h, which were
obtained from PM3 calculations,13 predict a HOMO-dipole controlled cycloaddition
regardless the aryl substituent. With the highest HOMO-coefficient on the carbon atom of the
nitronate and the highest LUMO-coefficient on the C-2 atom of the nitroethene, orbital
coefficient calculations predict the formation of regioisomer 35. The formation of regioisomer
36 could be explained by a LUMO-dipole controlled [3 + 2] cycloaddition since calculations
show the carbon atom of the nitronate to have the highest LUMO-coefficient and the highest
HOMO-coefficient on the C-1 atom of the nitroethene. However, the energy difference
between LUMOdipole-HOMOdipolarophile is much larger (10.4-12.5 eV; 240-300 kcal/mol) than
the energy difference between HOMOdipole-LUMOdipolarophile (7.6-8.3 eV; 180-200 kcal/mol)
and hence cannot play a significant role in determining the regioselectivity in the [3 + 2]
cycloaddition.
Since the calculated energy gap between LUMOdipole-HOMOdipolarophile is large, a switch in
regioselectivity cannot be properly explained by the FMO theory. 21 As a result, both steric
and electronic effects have to be considered to explain the regioselective outcome of the [3 +
2] cycloaddition.
One way to look at the regioselective outcome of the reactions is to calculate Mulliken
charges.22 These calculations show always the largest negative charge on the nitronate oxygen
and the highest positive charge on the C-2 atom of the nitroalkene, which predicts the
formation of regioisomer 36. However, when the atomic charges are calculated as Electron
Potential charges in most cases the largest negative charge is on the nitronate carbon (C-3)
and the highest positive charge on the C-2 atom of the nitroalkene, which predicts the
formation of regioisomer 35.23 This demonstrates that the various atomic charge calculations
do not give a satisfying explanation for the observed regioselectivities.24
The complete regioselectivity towards nitroso acetal 36(i,ii) observed with the 2’-naphtyl-
substituted nitroalkene 5c indicates that the size of the β-substituent of the nitroethene might
be a major factor controlling the regioselectivity in the [3 + 2] cycloaddition.
Thus, to determine the steric influence of the nitroethene substituent on the regioselectivity in
the [3 + 2] cycloaddition and to extend the scope of the two-component domino [4 + 2]/
[3 + 2] cycloaddition, a number of 2-alkyl substituted nitroalkenes 5i-5l were prepared, Figure
12.
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NO2 NO2 NO2NO2
Figure 12. 2-Alkyl substituted nitroethenes 5i-l
5i 5j 5k 5l
Their behavior in the reaction with enol ethers was studied. In general the reactions proceeded
under similar reaction conditions (12-15 Kbar, RT, 18 h) as for the aryl substituted
nitroalkenes and produced similar alkyl substituted nitroso acetals 40i-l, 42i-l, and alkyl
substituted β-lactams 41i-l in moderate to good yields, Figure 13. In all experiments, the
regioisomers 40 and 42 were formed predominantly. The formation of regio-isomer of 38
(bearing C2-nitro and C3-alkyl substituents) was indirectly proven by the isolation of the
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Alk NO2
Alk
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Alk Alk
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Alk
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nitroalkene R1 (40+42)/41*
5i
5j
5l
5k
Me
Et
t-Bu
c-hexyl
3:2
2:1
1:0
1:0
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p-MB
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p-MB
p-MB
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H
H
H
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Figure 13. Alkyl substituted nitroethenes in the two component domino [4 + 2] / [3 + 2] cycloaddition
entry
1
2
3
4
5
6
+
[4+2/[3+2]]
15 kbar
38 39
+
* Determined by 1H-NMR
1 5
+
40
41 42
Et3N Et3N
2 eq.
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corresponding alkyl substituted β-lactam compounds 41(i-l). Examination of the regio-
isomeric ratios in Figure 13 shows the increasing preference for the formation of regio-
isomers 40/42 upon an increasing size of the alkyl substituent. Complete regioselectivity
towards the formation of nitroso acetals 40 and 42 was observed with the t-butyl and
cyclohexyl substituted nitroalkenes (entries 3 and 4). Apparently, the bulkiness of the
substituents dominated the regiochemical outcome of the 1,3-dipolar cycloaddition reaction in
favor of nitroso acetals 40 and 42.
Energy minimization of the structures A1, A2, B1 and B2 revealed the influence of the steric
effects of the two R2 substituents. The related Eheat values are given in Table 6.
O
N O
R2 NO2
R2
MeO
H
O
N O
R2 R2
NO2
MeO
H
O
N O
R2 NO2
R2
MeO
H
O
N O
R2 R2
NO2
MeO
H
Table 6. Calculated Heat of formation (kcal/mol) of isomers A1, A2, B1 and B2
A1 A2
7
8
1
5
3
4
3.1Ph 0.0
2'-naphtalene
cyclohexyl
4-MeOPh
4-F-Ph
Et
38.6 34.5
-114.9 -120.5
-73.2 -76.1
-83.4 -86.4
-83.3 -81.3
Arentry
A1
B1
+
+
B2
B1
3.9
34.3
-120.4
-72.6
-82.4
-84.3
A2
B2
0.3
34.9
-122.7
-76.1
-86.0
-87.2
2 tBu -91.2 -96.4 -94.0 -95.3
6 Me -71.5 -76.1 -73.2 -75.3
3.3 Biological evaluation of a novel class of di- and tricyclic
N-oxy-β-lactam compounds
Since the discovery of heteroatom activated β-lactams, such as the bicyclic oxamazins several
reports mention the unique properties of this class of compounds, which show a potential
antibacterial activity, Figure 14. The biological activity of the N-oxyβ-lactams has been
O
N
O
R1
H
HO2C
R1 = amine, amide
Figure 14. Bicyclic oxamazins
()
n
attributed to electronic activation of the azetidinone ring. The oxygen atom directly attached
to the ring makes the β-lactam more susceptible to nucleophilic attack than the corresponding
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N-alkyl β-lactams.25 Although polycyclic N-oxy β-lactams are attractive targets in the search
for new antibiotics, only few articles have reported on their synthesis. 26,27
In this chapter, a straightforward stereoselective route towards novel di- and tricyclic
heteroatom activated β-lactams from easily accessible building blocks such as enol ethers and
β-nitrostyrene was described. The bi- and tricyclic N-oxy β-lactams described in this chapter
are new β-lactam compounds and might show anti-microbial activity, since they resemble the
biologically active bicyclic oxamazins, Figure 15. 26, 28
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Figure 15. Depiction of the β-lactam compounds tested against several bacteria and fungi
The biological activity of β-lactams 9, 14, 25, 30, 37h, 38e, 38f and 40 was tested against
several bacteria and Candida (Stau ATCC 29213, Ecfa 29212, Esco 25922, Psae 27853, Klpn,
Encl, Acba, Smma, MRSA, Candida albicans). After incubation for 24 h, none of the
compounds showed activity, not even at a concentration of 64 mg/L. A major problem was
the low solubility of all compounds in buffered solution (pH 8); after addition of an aqueous
buffer to a solution of β-lactam in DMSO, the solution turned turbid. The low water solubility
and low reactivity is probably due to the absence of the amine and carboxylic acid functions,
which are present in the oxamazins (see Figure 14).29
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3.4 Conclusion
The domino [4 + 2]/[3 + 2] cycloaddition of non-cyclic enol ethers and 2 equiv. of 1-nitro-2-
aryl ethene appeared to be regio- and stereoselective (endo) in the hetero Diels-Alder reaction.
In contrast, cyclic enol ethers bearing an oxygen in the ring (e.g. dihydrofuran) showed both
an endo and exo approach in the [4 + 2] cycloaddition. Moderate regio- and stereoselectivity
was observed for the subsequent [3 + 2] cycloaddition in the case of cyclic- and non-cyclic
enol ethers. Steric effects rather electronic effects seemed to dominate the regiochemical
outcome of the [3 + 2] cycloaddition.
The base catalyzed rearrangement of one of the regio-isomers provided a novel class of di-
and tricyclic N-oxy-β-lactams. The broad scope of the two-component domino [4 + 2]/[3 + 2]
cycloaddition was demonstrated by the synthesis of a great variety of different substituted
nitroso acetals and β-lactams.
3.5 Experimental Section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-100, a Bruker AC-300 or a Bruker AM-400
spectrometer. Chemical shift values are reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as
an internal standard. The coupling constants (J) are given in Hz. Gas chromatography was performed on a
Hewlett Packard 5710A GC-instrument equipped with a capillary HP cross-linked methyl silicone (25m x 0.31
mm) column. FT-IR spectra were measured on a Bio-Rad FTS-25 single-beam spectrometer. (High resolution)
Mass spectra were obtained with a double focusing VG7070E mass spectrometer. GC-MS analysis was carried
out on a Varian Saturn II GC/MS by on-column injection (DB-1 column, length 30 m, internal diameter 0.25
mm, film thickness 0.25 µm. Elemental analyses were carried out on a Carlo Erba Instruments CHNSO EA 1108
element analyzer. Melting points were determined with a Reichert Thermopan microscope and are uncorrected.
Analytical thin layer chromatography was carried out on Merck precoated silica gel 60 F254 plates (thickness
0.25 mm). Spots were visualized with UV, I2 or a 6.2% H2SO4 aqueous solution (1 l), containing ammonium
molybdate (42 g), and ceric ammonium sulphate (3.6 g), followed by charring. Column chromatography was
carried out using Merck silica gel 60, 0.063-0.200 mm (70-230 mesh). When necessary, solvents were distilled
and dried according to standard procedures. The "piston down" high-pressure apparatus operating at a pressure
range of 1-15 Kbar has been described.30
General procedure for the high-pressure promoted two-component domino [4 + 2]/[3 + 2] cycloaddition of enol
ethers and nitroalkenes:
The prescribed amount of the enol ether and 4 equiv. of the nitroalkene were dissolved in CH2Cl2 in a 7.5 ml
Teflon vessel. The closed tube was placed at 15 Kbar, RT, for 18 h. After depressurization the products were
separated by column chromatography using silica gel and EtOAc/hexane containing 1% Et3N as eluent.
Preparation of 7a, 8a, 8b, 8c and 9
Prepared according to the general procedure for the two-component domino cycloaddition using 4.00 g (26.9
mmol) 5a and 1.11 g (6.77 mmol) enol ether 1. After column chromatography (EtOAc/hexane 1:5, 1% Et3N) of
8b, 8c and 9 were obtained as a mixture in a ratio of respectively 1/7/18 (2.58 g, 5.58 mmol, 82%). After a
second purification 8b, 8c and 9 were separated and further purified by crystallization from CH2Cl2/hexane.
Compound 7a and 8a were obtained by fractional crystallization of the crude reaction mixture from
CH2Cl2/MeOH.
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6-[(4-Methoxybenzyl)oxy]-2-nitro-3,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (7a)
1H-NMR (300 MHz, CDCl3): 7.54-7.24 (12H, m, Ph), 6.88 (2H, Ph), 6.33 (1H, d, J =
1.4, H-2), 4.93 (1H, d, Jab = 11.7, CH2O), 4.85 (1H, t, J = 6.9, H-6), 4.63 (1H, d, Jab =
11.6, CH2O), 4.32 (1H, t, J = 8.6, H-3a), 4.02 (1H, dd, J = 1.3, 6.9, H-3), 3.78 (3H, s,
CH3O), 2.57-2.52 (1H, m, H-4), 2.22-2.11 (1H, m, H-5), 1.96-1.91 (1H, m, H-5').
6-[(4-Methoxybenzyl)oxy]-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (8a)
White solid, m.p.: 171 °C (decomp.). 1H-NMR (400 MHz, CDCl3): 7.39-7.25 (12H, m,
Ph), 6.88 (2H, d, Jab = 8.6, Ph), 6.51 (1H, d, J = 6.4, H-2), 5.19 (1H, dd, J = 6.4, 9.2, H-
3), 5.09 (1H, t, J = 7.4, H-6), 4.94 (1H, d, Jab = 11.6, CH2O), 4.63 (1H, d, Jab = 11.6,
CH2O), 4.40 (1H, t, J = 8.8, H-3a), 3.80 (3H, s, CH3O), 2.95-2.89 (1H, m, H-4), 2.31 (1H,
dt, J = 8.4, 14.0, H-5), 2.12-2.06 (1H, m, H-5'). 13C-NMR (75 MHz, CDCl3): 159.27 (C-
ipso), 140.16 (C-ipso), 134.75 (C-ipso), 129.69-126.54 (C-Ph), 113.83 (C-Ph), 98.45 (C-
6), 93.63 (C-3), 88.11 (C-2), 77.79 (C-3a), 69.18 (CH2O), 55.24 (OCH3), 38.27 (C-4), 33.35 (C-5). C26H26 N2O6
(462.5), calcd. C 67.52, H 5.67, N 6.06; found C 67.61, H 5.24, N 5.75.
Crystal data and structure refinement for compound 8a.
Crystal colour somewhat cloudy transparent colourless
Crystal shape regular fragment
Crystal size 0.33 x 0.30 x 0.22 mm
Empirical formula C26 H26 N2 O6
Formula weight 462.49
Temperature 293(2) K
Radiation / Wavelength CuKα (graphite mon.) / 1.54184 Å
Crystal system, space group Triclinic, P-1
Unit cell dimensions a, α= 8.9646(6) Å, 95.628(5)°
(25 reflections 39.997<θ<46.288) b, β= 9.4791(8) Å, 100.851(5)°
c, γ= 14.7752(4) Å, 103.968(6)°
Volume 1183.00(12) A3
Z, Calculated density 2, 1.298 Mg/m3
Absorption coefficient 0.765 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 488
θ range for data collection 3.08 to 69.89°
Index ranges 0 ≤ h ≤ 10, -11 ≤ k ≤ 11, -17 ≤ l ≤ 17
Reflections collected / unique 4780 / 4471 [R(int) = 0.0072]
Reflections observed 3886 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.047 and 0.962
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 4471 / 0 / 412
Goodness-of-fit on F2 1.037
SHELXL-97 weight parameters 0.057700 0.242400
Final R indices [I>2σ(I)] R1 = 0.0422, wR2 = 0.1113
R indices (all data) R1 = 0.0478, wR2 = 0.1169
Extinction coefficient 0.0036(5)
Largest diff. peak and hole 0.178 and -0.245 e. Å -3
Epimerization of 8a to 8c
8c was collected quantitatively after column chromatography (EtOAc/hexane 1/1, 1% Et3N) of 8a.
(1H-NMR analysis).
6-[(4-Methoxybenzyl)oxy]-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (8b)
White solid, m.p.165-166 °C. Rf = 0.30 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (400
MHz, CDCl3): δ(ppm) J (Hz): 7.52-7.20 (12H, m, Ph), 6.89 (2H, d, Jab = 8.6, Ph), 5.86
(1H, d, J = 7.2, H-2), 5.35 (1H, dd, J = 7.2, 8.0, H-3), 5.09 (1H, dd, J = 6.8, 7.6, H-6), 4.92
(1H, d, Jab = 11.6, CH2O), 4.66 (1H, d, Jab = 11.6, CH2O), 4.47 (1H, dd, J = 7.2, 8.0, H-
3a), 3.81 (3H, s, CH3O), 3.19-3.13 (1H, m, H-4), 2.33 (1H, dt, J = 8.0, 13.6, H-5), 2.15-
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2.09 (1H, m, H-5'). 13C-NMR (75 MHz, CDCl3): 159.35 (C-ipso), 139.94 (C-ipso), 137.24 (C-ipso), 129.82-
126.53 (C-Ph), 113.86 (C-Ph), 98.75 (C-6), 97.65 (C-3), 89.78 (C-2), 79.10 (C-3a), 69.36 (CH2O), 55.29
(OCH3), 42.62 (C-4), 33.60 (C-5). C26H27N2O6 (462.5) calcd. C 67.52, H 5.57, N 6.06; found C 67.13, H 5.40, N
5.84.
6[(4-Methoxybenzyl)oxy]-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (8c)
White solid, m.p. 115-116 °C. Rf = 0.15 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (400
MHz, CDCl3): 7.33-7.23 (12H, m, Ph), 6.89 (2H, d, Jab = 8.4, Ph), 6.20 (1H, d, J = 7.3, H-
2), 5.38 (1H, dd, J = 4.4, 7.3, H-3), 5.12 (1H, t, J = 7.4, H-6), 4.92 (1H, d, Jab = 11.6,
CH2O), 4.85 (1H, dd, J = 4.4, 9.2, H-3a), 4.63 (1H, d, Jab = 11.6, CH2O), 3.80 (3H, s,
CH3O), 3.12-3.05 (1H, m, J = 3.4, 9.4, 13.3, H-4), 2.31 (1H, dt, J = 7.8, 13.8, H-5), 2.19-
2.13 (1H, dddd, 3.6, 7.0, 10.5, 13.8, H-5'). C26H26 N2O6 (462.5), calcd. C 67.52, H 5.67, N 6.06; found C 67.21,
H 5.55, N 5.77.
6-[(4-Methoxybenzyl)oxy]-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (9)
White solid, m.p. : 143-144 °C. Rf = 0.22 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300
MHz, CDCl3): 7.35-7.26 (5H, m, Ph), 7.13-7.07 (5H, m, Ph), 6.91 (2H, m, Jab = 8.6, Ph),
6.47 (2H, m, Ph), 5.04 (1H, m, H-2), 5.00 (1H, Jab = 11.6, CH2O), 4.77 (1H, Jab = 11.6,
CH2O), 4.47 (1H, d, J= 4.8, H-5), 3.99 (1H, dd, J = 4.8, 9.9, H-4a), 3.82 (3H, s, OCH3),
2.72-2.64 (1H, m, H-4), 2.12-1.96 (2H, m, H-3, H-3'). 13C-NMR-multiplicity (75 MHz,
CDCl3): 163.7, 159.6, 138.8, 131.5, 130.0, 127.2, 113.9, 104.1, 71.5, 59.4, 55.3, 53.4, 41.4,
36.2. FT-IR, 1771, 1614, 1587, 1515, 1454, 1250, 1149, 1035, 702 cm-1. C25H25NO4 + ¼ C6H12 (415.5+21),
calcd. C 74.98, H 6.65, N 3.30; found C 74.90, H 6.65, N 3.17.
Crystal data and structure refinement for 9.cyclohexane (crystallized from n-hexane).
Crystal colour transparent colourless, weathered
Crystal shape rather regular platelet
Crystal size 0.70 x 0.36 x 0.07 mm
Empirical formula C29H31NO4
Formula weight 457.55
Temperature 208(2) K
Radiation / Wavelength CuKα (graphite mon.) / 1.54184 Å
Crystal system, space group Monoclinic, P21/a
Unit cell dimensions a, α= 18.7886(4) Å, 90°
(25 reflections 40.326<θ<46.680) b, β= 7.41628(19) Å, 16.2092(16)°
c, γ= 19.3640(3) Å, 90°
Volume 2420.80(8) Å 3
Z, Calculated density 4, 1.255 Mg/m3
Absorption coefficient 0.664 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 976
θ range for data collection 4.71 to 69.96°
Index ranges 0 ≤ h ≤ 22, 0 ≤ k ≤ 9, -23 ≤ l ≤ 21
Reflections collected / unique 4736 / 4583 [R(int) = 0.0257]
Reflections observed 4009 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.215 and 0.917
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 4583 / 0 / 308
Goodness-of-fit on F2 1.055
SHELXL-97 weight parameters 0.071200 0.950000
Final R indices [I>2σ(I)] R1 = 0.0473, wR2 = 0.1313
R indices (all data) R1 = 0.0532, wR2 = 0.1367
Largest diff. peak and hole 0.489 and -0.326 e. Å -3
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Crystal data and structure refinement for 9.cyclohexane (crystallized from cyclohexane).
Crystal colour colourless (weathered)
Crystal shape very thin platelet
Crystal size 0.31 x 0.29 x 0.03 mm
Empirical formula C29H31NO4
Formula weight 457.55
Temperature 293(2) K
Radiation / Wavelength CuKα (graphite mon.) / 1.54184 Å
Crystal system, space group Monoclinic, P21/a
Unit cell dimensions a, α= 18.8963(14) Å, 90°
(12 reflections 9.599<θ<19.094) b, β= 7.4776(3) Å, 115.81(5)°
c, γ= 19.432(4) Å, 90°
Volume 2471.8(6) Å 3
Z, Calculated density 4, 1.230 Mg/m3
Absorption coefficient 0.650 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 976
θ range for data collection 4.69 to 69.92°
Index ranges -23 ≤ h ≤ 20, -9 ≤ k ≤ 1, -23 ≤ l ≤ 23
Reflections collected / unique 9751 / 4676 [R(int) = 0.1513]
Reflections observed 1454 ([Io>2σ(Io)])
Absorption correction None
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 4676 / 0 / 309
Goodness-of-fit on F2 0.918
SHELXL-97 weight parameters 0.158200 0.000000
Final R indices [I>2σ(I)] R1 = 0.0856, wR2 = 0.2026
R indices (all data) R1 = 0.2677, wR2 = 0.3011
Extinction coefficient 0.0018(5)
Largest diff. peak and hole 0.378 and -0.464 e. Å -3
6-[(4-Methoxybenzyl)oxy]-3a-methyl-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (10)
170 mg (0.52 mmol) nitronate 2 and 253 (1.70 mmol) nitrostyrene 5a were dissolved in
CH2Cl2 in a 7.5 ml Teflon vessel. The closed tube was placed at 15 Kbar for 72 h at RT.
After depressurizing 1H-NMR analysis of the crude reaction mixture showed 67%
conversion of nitronate 2 to nitroso acetal 10. The products were separated after
sequential column chromatography (EtOAc/hexane 1:6, 1% Et3N and CHCl3) yielding 60
mg (0.13 mmol, 25%) 10 as a yellow oil (purity 95%). Rf = 0.22 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300
MHz, CDCl3): 7.42-7.25 (7H, m, Ph), 7.19-7.13 (2H, m, Ph), 6.91-6.87 (2H, m, Jab = 11.3, p-MeOPh), 6.53 (1H,
d, J = 7.0, H-2), 5.14 (1H, dd, J = 6.8, 8.1, H-6), 4.94 (1H, Jab = 11.7, CH2O), 4.90 (1H, d, J = 7.0, H-3), 4.65
(1H, Jab = 11.7, CH2O), 3.80 (3H, s, CH3O), 3.26 (1H, dd, J = 3.0, 13.9, H-4), 2.47 (1H, dt, J = 8.2, 13.8, H-5),
210-2.03 (1H, m, J = 3.1, H-5'), 1.15 (3H, s, CH3). 13C-NMR/dept (75 MHz, CDCl3): 160.3, 138.5, 135.8
130.7.6-128.6 (6 C), 127.2, 114,9, 101.5, 99.5, 90.7, 82.6, 70.2 (CH2O), 56.3, 41.4, 31.8 (CH2), 24.0.
Column chromatography yielded a fraction containing 70% 10 and 30% of (probably) another diastereomer,
which was not detected in the 1H-NMR spectrum of the crude reaction mixture. This product was not isolated
and characterized. Product 10 appeared stable under basic conditions (stirring for 2 h at RT, in CH2Cl2 containing
a few drops of Et3N).
Preparation of 13b, 13c, 14
Prepared according to the general procedure for the two-component domino cycloaddition using 1.13 g (7.58
mmol) 5a and 138 mg (1.92 mmol) enol ether 11. After column chromatography (EtOAc/hexane 1:5, 1% Et3N)
of 13b, 13c and 14 were obtained as a mixture in a ratio of respectively 1/19/23 (449 mg, 1.32 mmol, 69%).
After a second purification 13b, 13c and 14 were separated and further purified by crystallization from
CH2Cl2/hexane.
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6-Ethoxy-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (13b)
White solid. Rf = 0.38 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300 MHz, CDCl3): 7.51-
7.22 (9H, m, Ph), 5.84 (1H, d, J = 7.1, H-2), 5.35 (1H, dd, J = 7.2, 8.3, H-3a), 5.06 (1H, dd,
J = 6.6, 7.8, H-6), 4.45 (1H, dd, J = 7.2, 8.3, H-3), 4.11-4.00 (1H, m, CH2O), 3.84-3.57 (1H,
m, CH2O), 3.21-3.13 (1H, m, H-4), 2.34-2.07 (2H, m, H-5, H-5'), 1.31 (3H, t, J = 7.1, CH3).
C20H22N2O5; MS-CI (rel. int.) m/z: 371 (M+, 0.4), 279 (11.7), 234 (28.4), 221 (29.7), 205
(10.6), 191 (13.9), 178 (14.1), 162 (35.1), 145 (12.0), 133 (38.8), 105 (100.0).
6-Ethoxy-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazine (13c)
White solid. Rf = 0.23 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300 MHz, CDCl3): 7.36-
7.24 (9H, m, Ph), 6.16 (1H, d, J = 7.3 Hz, H-2), 5.37 (1H, dd, J = 4.4, 7.3, H-3), 5.08 (1H, t,
J = 7.4 Hz, H-6), 4.83 (1H, dd, J = 4.4, 9.4, H-3a), 4.05-3.99 (1H, m, CH2O), 3.63-3.58 (1H,
m, CH2O), 2.22 (2H, m, H-5, H-5'), 1.31 (3H, t, J = 7.1 Hz, CH3). 13C-NMR (75 MHz,
CDCl3): δ(ppm) 1.39.1, 130.7, 129.6, 129.4, 128.5, 128.0, 127.1, 126.8, 99.7, 95.1, 86.8, 80.4, 63.9, 42.4, 33.3,
15.1.
2-Ethoxy-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (14)
White solid, m.p. 149-150 °C; Rf = 0.29 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300 MHz,
CDCl3): 7.38-7.08 (8H, m, Ph), 6.50-6.47 (2H, m, Ph), 4.99 (1H, dd, J = 4.4, 6.6, H-2), 4.45
(1H, d, J = 4.8, H-5), 4.19-4.08 (1H, m, CH2O), 3.97 (1H, dd, J = 4.8, 9.9, H-4a), 3.85- 3.75
(1H, m, CH2O), 2.70 (1H, dt, J = 6.7, 9.8, H-4), 2.01 (2H, ddd, J = 2.4, 6.7, 7.3, H-3), 1.28
(3H, t, J = 7.1, CH3). 13C-NMR (75 MHz, CDCl3): 163.7, 138.9, 131,6, 129,6, 128.5, 128.4,
128.0, 127.5, 127.3, 105.4, 66.5, 59.5, 41.5, 36.3, 15.3. MS-CI (rel. int.) m/z: 324 (MH+, 5), 278 (2), 248 (1), 234
(3), 206 (6), 193 (18), 191 (6), 162 (100), 161 (61), 133 (29), 118 (44), 115 (34), 105 (29), 104 (17), 91 (31), 77
(15). C20H21NO3 (323.4): calcd. C 74.28, H 6.55, N 4.33; found C 74.23, H 6.11, N 4.18.
5,5-Dimethyl-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazin-6-yl methyl ether (16c)
Prepared according to the general procedure for the two-component domino cycloaddition
using 433 mg (2.9 mmol) 5a and 129 mg (1.5 mmol) 15 in 1.5 ml CDCl3. After 16 h, 15
Kbar, RT, 1H-NMR analysis showed 80% conversion of the enol ether towards the
formation of one diastereomers 16a (H-2: 6.43 ppm). At higher temperatures (40 °C, 16 h)
or longer reaction times (110 h, RT) gas formation is observed after depressurization of
the reaction mixture. Purification of the reaction mixture by column chromatography resulted in partial
degradation of the domino products. Crystallization (hexane/CH2Cl2) of the main fraction obtained after column
chromatography gave 237 mg (0.62 mmol, 43%) of nitroso acetal 16c. M.p. 188-189 °C. 1H-NMR (300 MHz,
CDCl3); δ(ppm), J (Hz): 7.36-7.22 (10H, m, Ph), 6.14 (1H, t, J1,2 = 6.8, J1,5 = 3.4, H-2), 5.48-5.09 (2H, m, H-3,
H-3a), 4.51 (1H, s, H-6), 3.56 (3H, s, CH3O), 2.99 (1H, d, J = 10.5, H-4), 1.20 (3H, s, CH3), 0.82 (3H, s, CH3).
C21H24N2O5 (384), calcd. C 65.61, H 6.29, N 7.29; found C 65.24, H 6.14, N 7.22.
5,5-Dimethyl-3-nitro-2,4-diphenylperhydroisoxazolo[2,3-b][1,2]oxazin-6-yl ethyl ether (17c)
Yield was not determined. 1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 7.41-7.22 (10 H,
m, Ph), 6.12 (1H, t, J1,2 = 6.8, J1,5 = 3.4, H-2), 51.7-5.10 (2H, m, H-3, H-3a), 4.61 (1H, s, H-
6), 4.03-3.95 (1H, m, CH2O), 3.60-3.54 (1H, m, CH2O), 2.98 (1H, d, J = 10.5, H-4), 1.21
(3H, s, CH3), 0.81 (3H, s, CH3). MS-CI (rel. int.) m/z: 399 (MH+, 100), 383 (, 41), 307(98),
293(88), 221(36), 190 (56), 161 (42), 105 (19). HR-MS: calcd. for MH+(C22H27N2O5):
399.19200 found 399.18993 ± 0.00120.
1-[(Z)-2-methoxyprop-1-enyl]benzene (17)
Prepared from 1-phenylacetone via the dimethoxy acetal. Procedure described in reference 31.
1H-NMR (100 MHz, CDCl3): 7.31-7.15 (5H, m, Ph), 5.32 (1H, s (br), C=C(Ph)H), 3.66 (3H, s,
MeO), 2.00 (3H, d, J = 0.5, Me). Bp. 38-40 °C (0.2 mm Hg).
6-Methoxy-6-methyl-3-nitro-2,4,5-triphenylperhydroisoxazolo[2,3-b][1,2]oxazine (20)
Prepared according to the general procedure for the two-component domino cycloaddition
using 333 mg (2.2 mmol) 5a and 148 mg (1.0 mmol) enol ether 17. From 1H-NMR
analysis of the crude reaction mixture (after adding some Et3N) its composition was
determined as a mixture of product 20, 21 and the [4 + 2] mono adduct in a 1:2:3 ratio.
Thus conversion to the domino adducts was not complete after 18 h, 15 Kbar, RT. After
column chromatography of the product mixture (with EtOAc/hexane (1:4, 1% Et3N) only the pure fractions of 20
(15 mg, 0.03 mmol, 7.2 %) and 21 (15 mg, 0.04 mmol, 5.3%) were collected and analyzed: Rf = 0.54
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(EtOAc/hexane 1/4, 1% Et3N). White solid, m.p. 98-99 °C. 1H-NMR (300 MHz, CDCl3): 7.34 (5H, Ph), 7.18-
7.03 (10 H, Ph), 6.23 (1H, d, J = 7.4, H-2), 5.56 (1H, dd, J = 4.4, 7.3, H-3), 4.83 (1H, dd, J = 4.4, 9.1, H-3a),
3.98 (1H, d, J = 13.2, H-5), 3.51 (1H, dd, J = 9.2, 13.2, H-4), 3.43 (3H, s, MeO), 1.00 (3H, s, Me). MS-EI (rel.
int.) m/z: 446 (M+, 0.3), 430 (0.3), 429 (0.3), 419 (0.3), 416 (0.4), 400 (10.0), 399 (33.2), 382 (1.4), 368 (8.1),
322 (4.2), 310 (7.3), 281 (10.9), 265 (14.3), 250 (73.5), 238 (65.2), 237 (73.5), 223 (20.0), 205 (33.5), 193
(88.2), 180 (85.6), 175 (47.2), 165 (44.8), 148 (87.4), 133 (25.1), 121 (21.2), 115 (97.0), 105 (98.4), 91 (91.9),
77 (77.6). HR-MS: calcd. for M+(C26H26N2O5): 446.18417 found 446.18521 ± 0.00102.
2-Methoxy-2-methyl-3,4,5-triphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (21)
White solid. Rf = 0.27 (EtOAc/hexane 1/4, 1% Et3N). FT-IR 1777 cm-1(C=O). 1H-NMR (100
MHz, CDCl3): 7.35-6.88 (13 H, m, Ph), 6.36 -6.33 (2H, m, Ph), 4.46 (1H, d, J = 4.7, H-5),
4.09 (1H, dd, J = 4.7, 9.3, H-4a), 3.61 (1H, dd, J = 0.5, 24.3, H-3), 3.37 (3H, s, MeO), 3.21
(1H, m, J = 9.3, 24.8, H-4a), 1.60 (3H, s, Me). MS-EI (rel. int.) m/z: 399 (M+, 0.3), 384(0.4),
368 (2.2), 324 (1.0), 310 (7.8), 267 (6.4), 263 (3.0), 250 (3.0), 237 (9.6), 221 (14.1), 206
(20.9), 193 (34.7), 180 (53.5), 148 (54.2), 133 (13.3), 121 (17.5), 115 (33.5), 105 (41.4), 91 (30.1), 77 (26.4).
Preparation of 29b, 29c and 30
Prepared according to the general procedure for the two-component domino cycloaddition using CDCl3 as the
solvent, 305 mg (2.05 mmol) 5a and 63 mg (0.56 mmol) enol ether 28. 1H-NMR of the crude reaction mixture
showed 91% conversion of the enol ether after 18 h. After removal of excess of 5a (column chromatography,
EtOAc/hexane 1:10, 1% Et3N) 29b, 29c and 30 were obtained as a mixture in a ratio of respectively 1/2/7 (85
mg, 0.23 mmol, 41%). Compounds 29b and 29c were separated from 30 by crystallization from CH2Cl2/hexane
and further purified by fractional crystallization from CH2Cl2/hexane.
8a-Methoxy-3-nitro-2,4-diphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine (29b)
White solid. Low solubility in CHCl3; Rf = 0.38 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR
(300 MHz, CDCl3): δ(ppm) J (Hz): 7.38-7.22 (10 H, m, Ph), 6.16 (1H, d, J = 7.5, H-2), 5.37
(1H, dd, J = 4.8, 7.5, H-3), 4.87 (1H, dd, J = 4.8, 8.8, H-3a), 3.45 (3H, s, MeO), 3.04 (1H,
dd, J = 8.9, 12.9, H-4), 2.56 (1H, dd(b), J = 5.2, 12.8, H-4a), 2.11 (1H, d(b), J = 13.6, H-8),
1.61-1.04 (7H, m, H-5, H-6, H-7, H-8). 13C-NMR-dept (75 MHz, CDCl3): 138.2, 131.0,
129.6, 129.4, 128.5, 127.9, 126.8, 103.3(C-8a), 95.3, 86.4, 82.2, 48.9, 47.0, 41.1, 26.5 (CH2), 23.1(CH2),
21.3(CH2), 20.5(CH2). MS-CI (rel. int.) m/z: 410 (M+, 0.53), 378 (0.69), 364 (0.97), 348 (1.94), 333 (9.94), 274
(62.57), 231 (14.61), 221 (21.17), 205 (20.70), 202 (33.22), 193 (90.93), 187 (17.52), 169 (16.74), 147 (38.24),
129(24.69), 121 (18.68), 117(40.34), 115 (78.80), 112 (100.00), 105 (83.57), 91 (92.84), 77 (35.72). HR-MS
calcd. for M+(C23H26N2O5): 410.1842 found 410.1841 ± 0.0012.
8a-Methoxy-3-nitro-2,4-diphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine (29c)
White solid, m.p. 210-214 °C (decomp.) Rf = 0.48 (EtOAc/hexane 1:4, 1% Et3N) 1H-NMR
(300 MHz, CDCl3): δ(ppm) J (Hz): 7.51-7.19 (10 H, m, Ph), 5.82 (1H, d, J = 7.5, H-2),
5.36 (1H, dd, J = 7.6, 8.9, H-3), 4.45 (1H, dd, J = 6.3, 8.9, H-3a), 3.47 (3H, s, MeO), 3.20
(1H, dd, J = 6.2, 13.2, H-4), 2.63 (1H, dd(b), J = 5.5, 13.1, H-4a), 2.11 (1H, d(b), J = 13.8,
H-8), 1.61-1.11 (7H, m, H-5, H-6, H-7, H-8). MS-EI (rel. int.) m/z: 410 (M+, 1.89), 379
(3.36), 364 (2.95), 346(5.34), 333(29.25), 303(14.59), 274(12.21), 262(15.20), 231(26.79), 221 (11.23), 205
(21.21), 202(58.05), 201(22.50), 193(55.18), 187(100.00), 178(20.44), 169(31.23), 147(55.78), 117(20.76),
115(32.92), 113(65.89), 107(31.69), 105(87.57), 91 (65.21), 77 (22.74). HR-MS: calcd. for M+(C23H26N2O5):
410.1842 found 410.1840 ± 0.0012.
4a-Methoxy-1,9-diphenylperhydroazeto[1,2-b]benzo[e][1,2]oxazin-2-one (30)
White solid, m.p. 181-182 °C. Rf = 0.31 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300 MHz,
CDCl3): δ(ppm) J (Hz): 7.38-7.33 (3H, m, Ph), 7.17-7.08 (5H, m, Ph), 6.46 (2H, d (br), Jab =
5.9, Ph), 4.45 (1H, d, J = 4.6, H-1), 4.04 (1H, dd, J = 4.6, 10.2, H-9a), 3.43 (3H, s, CH3O),
2.83 (1H, J = 10.3, 11.7, H-9), 2.23 (1H, d (br), H-8a), 2.09 (2H, m, CH2), 1.78 (1H, d (br),
CH2), 1.51 (2H, m, CH2), 1.18 (2H, m, CH2), 1.05 (1H, d (br), CH2). 13C-NMR/dept (100
MHz, CDCl3):162.7, 137.7, 131.8, 129.8-126.8, 107.7 (C-8a), 59.7, 54.1, 49.3, 42.1, 41.8, 26.5 (CH2), 24.4
(CH2), 23.0 (CH2), 19.0 (CH2). MS-EI (rel. int.) m/z: 363 (M+, 5.64), 332 (4.42), 228 (13.10), 214 (15.54),
202(98.31), 201 (100.00), 193 (18.17), 118(31.56), 117 (21.63), 115 (46.45), 111 (22.15), 105 (29.54), 103
(17.17), 91(64.95), 77(28.46). HR-MS: calcd. for M+(C23H25NO3): 363.1834 found 363.1828 ± 0.0014.
C23H25NO3 (363), calcd. C 76.01, H 6.93, N 3.85; found C 75.68, H 6.87, N 3.93. Configuration from 2D-
NOESY analysis: endo[4 + 2]-syn-exo[3 + 2]; syn with respect to the Ph group.
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3a-Methyl-3-nitro-2,4-diphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazin-8-yl methyl ether (32)
66 mg mono-adduct (0.24 mmol) 31 and 106 mg (0.71 mmol) 5a were dissolved in CDCl3
in a 1.5 ml Teflon vessel. The closed tube was placed at 15 Kbar, RT for 18 h after which
1H-NMR analysis showed 60% conversion of 31. After an additional 96 h at 15 Kbar and
50 °C conversion was complete and 69 mg (0.17 mmol, 72%) of compound 32 was
isolated after column chromatography (EtOAc/hexane 1:20, 1% Et3N). White solid. Rf = 0.29 (EtOAc/hexane
1:4, 1% Et3N). 1H-NMR (400 MHz, CDCl3): 7.29-7.26 (10H, m, Ph), 6.51 (1H, d, J = 6.8, H-2), 4.81 (1H, d, J =
6.8, H-3), 3.46 (3H, s, CH3O), 3.15 (1H, d, J = 13.0, H-4), 2.59 (1H, dd, J = 5.6, 13.0, H-4a), 2.14 (1H, d, J =
15.6, H-8), 1.60-0.88 (7H, m, H-5, H-6, H-7, H-8'), 1.21 (3H, s, CH3). Configuration from 2D-NOESY analysis:
endo[4 + 2]-anti-endo[3 + 2]; anti with respect to the Ph group. MS-CI (rel. int.) m/z: 425 (MH+, 0.08), 395
(0.67), 394 (0.80), 393 (M+-OMe, 0.87), 347 (0.41), 317 (0.24), 245 (100), 213 (23), 202 (26), 187 (73), 169
(26), 150 (37), 112 (46), 91 (53), 77 (18). HR-MS: calcd. for C23H25N2O5(M+ -MeO): 393.1814 found 393.1814
± 0.0015.
Preparation of 23a, 24b, 24c and 25
Prepared according to the general procedure for the two-component domino cycloaddition using 4.00 g (26.9
mmol) 5a and 0.47 g (6.71 mmol) dihydrofuran (62). After addition of 5 ml Et3N and stirring the reaction
mixture, a solid compound precipitated (1.5 g) which was characterized by IR as polymerized nitrostyrene. After
filtration of the polymer, purification of the products by column chromatography (EtOAc/hexane 1:5, 1% Et3N)
afforded 1.61 g (4.36 mmol, 65%) of a mixture of 24b, 24c and 25. All products were further purified by
fractional crystallization from CH2Cl2/hexane.
2-Nitro-3,4-diphenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine (23a)
Crystallized from the crude reaction mixture (from CH2Cl2/hexane) before column
chromatography. White solid. 1H-NMR (400 MHz, CDCl3): δ(ppm) J (Hz): 7.38-7.03
(10H, m, Ph), 6.38 (1H, d, J = 0.8, H-2), 5.27 (1H, d, J = 6.9, H-7a), 4.49 (1H, dd, J = 8.5,
9.1, H-3a), 4.42 (1H, dt, J = 2.7, 8.5, CH2O), 4.04 (1H, d, J = 8.1, H-3), 3.77 (1H, dd, J =
8.3, 16.1, CH2O), 2.74 (1H, dd, J = 3.8, 9.5, H-4), 2.51-2.43 (1H, m, H-4a), 2.41-2.31 (1H, m, CH2-5), 1.84-1.76
(1H, m, CH2-5'). 13C-NMR/dept (100 MHz, CDCl3): 138.5, 134.3, 129.5, 129.1, 128.7, 128.5, 128.0, 127.8,
113.7, 103.8, 69.6, 69.3 (CH2), 56.4, 42.8, 40.1, 25 (CH2).
Configuration from 2D-NOESY analysis: endo[4 + 2]-anti-exo[3 + 2]; anti with respect to the Ph group. TLC-
analysis showed a fast conversion (within 2 min.) of 23a to β-lactam 25 when some drops of Et3N were added to
a solution of 23a in CH2Cl2/hexane.
3-Nitro-2,4-diphenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine (24b)
White solid. Rf = 0.39 (EtOAc/hexane 1:2, 1% Et3N). 1H-NMR (400 MHz, CDCl3): δ(ppm)
J (Hz): 7.55-7.28 (10H, m, Ph), 5.90 (1H, d, J = 4.6, H-7a), 5.85 (1H, d, J = 7.3, H-2), 5.46
(1H, dd, J = 7.4, 9.0, H-3), 4.36 (1H, dd, J = 5.0, 9.0, H-3a), 4.08-4.03 (1H, m, H-6), 3.99-
3.94 (1H, m, H-6'), 3.23 (1H, dd, J = 5.1, 8.2, H-4), 2.67-2.63 (1H, m, J = 4.4, 8.5, H-4a),
2.12-2.07 (1H, m, H-5), 1.77-1.67 (1H, m, H-5'). 13C-NMR/dept (100 MHz, CDCl3): 140.8, 136.6, 129.3, 129.2,
129.1, 128.9, 127.9, 127.8, 127.7, 126.8, 103.3, 96.9, 89.5, 67.7 (CH2), 45.2, 43.9, 29.8 (CH2). HR-MS: m/z
calcd. for M+(C20H20N2O5) : 368.1372, found 368.1371 +/- 0.0018. Configuration from 2D-NOESY analysis:
exo[4 + 2]-anti-exo[3 + 2]; anti with respect to the Ph group.
3-Nitro-2,4-diphenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine (24c)
White solid. Rf = 0.19 (EtOAc/hexane 1:2, 1% Et3N). 1H-NMR (300 MHz, CDCl3): 7.36-
7.24 (10H, m, Ph), 6.17 (1H, d, J = 7.2, H-2), 5.59 (1H, d, J = 7.2, H-7a), 5.32 (1H, dd, J =
4.2, 7.2, H-3), 5.15 (1H, dd, J = 4.2, 10.1, H-3a), 4.48-4.42 (1H, m, H-6), 3.87-380(1H, m,
H-6'), 3.40 (1H, dd, J = 3.7, 10.1, H-4), 2.73-2.66 (1H, m, H-4a), 2.41-2.32 (1H, m, H-5),
1.92-1.86 (1H, m, H-5').
4,5-Diphenylperhydroazeto[1,2-b]furo[3,2-e][1,2]oxazin-6-one (25)
White solid, m.p.: 145-147 °C. Rf = 0.30 (EtOAc/hexane 1:2, 1% Et3N). 1H-NMR (400 MHz,
CDCl3): δ(ppm) J (Hz): 7.26-7.15 (6H, m, Ph), 7.04 (2H, d, J = 7.4, Ph), 6.73 (2H, m, J = 7.7,
Ph), 5.53 (1H, d, J = 2.9, H-8a), 4.54 (1H, d, J = 4.8, H-5), 4.36 (1H, dd, J = 4.8, 10.4, H-4a),
4.28 (1H, dt, J = 1.6, 10.0, H-2), 3.94 (1H, ddd, J = 7.5, 9.2, 16.5, H-2'), 2.97 (1H, dd, J =
4.8, 10.4, H-a), 2.42 (1H, dd, J = 2.9, 4.8, H-3a), 2.30-2.19 (1H, m, H-3), 1.70-1.63 (1H, m,
H-3'). HR-MS: m/z calcd. for M+(C20H19NO3): 321.1365, found 321.1365 +/- 0.00096.
C20H19NO3 (321.1): calcd. C74.75, H 5.96, N 4.36; found C 74.75, H 5.81, N 4.39. Configuration from 2D-
NOESY analysis.
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4a,8-Dimethyl-3-nitro-2,4-diphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazin-8-yl methyl ether (34)
Prepared according to the general procedure for the two-component domino cycloaddition
using 313 mg (2.2 mmol) enol ether 33 and 666 mg (4.5 mmol) 5a. After column
chromatography 87 mg (0.19 mmol, 9%) 34a and 60 mg (0.14 mmol, 6.2%) 34b were
isolated. These diastereomers only differed in the configuration at C-8.
34a: Oil; Rf = 0.54 (EtOAc/hexane 1/12, 1% Et3N). 1H-NMR (400 MHz, CDCl3); δ(ppm),
J (Hz): 7.55-7.52 (2H, m, Ph), 7.42-7.26 (8H, m, Ph), 5.82 (1H, d, J = 6.8, H-2), 5.41 (1H, dd, J = 7.2, 8.2, H-3),
4.67 (1H, dd, J = 6.5, 8.4, H-3a), 3.63 (3H, s, CH3O), 3.29 (1H, d, J = 6.4, H-4), 2.04-2.00 (1H, m, H-8), 1.48-
1.37 (2H, m, H-7, H-5), 1.30-1.24 (3H, H-5' m, H-6', H-7'), 1.19 (3H, s, CH3), 1.14-1.09 (1H, m, H-6), 0.99 (3H,
d, J = 6.8, CH3). Configuration from 2D-NOESY analysis: endo[4 + 2]-anti-exo[3 + 2]; anti with respect to the
Ph group. MS-EI (rel. int.) m/z: 438 (MH+, 1.6), 362 (1.0), 331, (2.0), 302 (0.9), 230 (11.4), 193 (39.2), 170
(34.0), 140 (100.7), 139 (94.6), 105 (30.5), 91 (41.5), 77 (14).
34b: Oil; Rf = 0.31 (EtOAc/hexane 1/12, 1% Et3N). 1H-NMR (100 MHz, CDCl3); δ(ppm), J (Hz): 7.59-7.28
(10H, m, Ph), 5.82 (1H, d, J = 6.8, H-2), 5.42 (1H, dd, J = 6.4, 8.4, H-3), 4.67 (1H, dd, J = 6.4, 8.4, H-3a), 3.63
(3H, s, CH3O), 3.29 (1H, d, J = 6.4, H-4), 2.66-1.24 (7H, m, H-8, H-7, H-6, H-5), 1.12 (3H, s, CH3), 1.00 (3H, d,
J = 6.4, CH3).
Determination of ratio of regio-isomers 38 and 39
Performed according to the general procedure for the two-component domino cycloaddition using 10 mmol of
nitroalkene and 2.5 mmol of enol ether. Determination of ratio 38 and 39 was done was done after
chromatography of the crude reaction mixture by integration of H-2 signals of 38 (5 ppm) and the H-5 signals of
39 (3.0-3.2 ppm). After a second purification by column chromatography (EtOAc/hexane 1:5, 1% Et3N) the
nitroso acetals 38 and β-lactam compounds 39 were isolated.
6-[(4-Methoxybenzyl)oxy]-2,4-dimethyl-3-nitroperhydroisoxazolo [2,3-b][1,2]oxazine (38a)
365 mg (4.20 mmol) 5-i en 299 mg (1.82 mmol) enol ether 1. After 8 h, 15 Kbar, RT column chromatography
(EtOAc/hexane 1/4, 1% Et3N) yielded:
(38a)-trans.
151 mg (0.45 mmol, 25%). White solid; m.p. 134-136 °C; Rf = 0.36 (EtOAc/hexane 1/4,
1% Et3N). 1H-NMR-dept (300 MHz, CDCl3); δ(ppm), J (Hz): 7.32-7.24 (2H, m, Ph), 6.88-
6.85 (2H, m, Ph), 5.11 (1H, quintet, J = 6.7, H-2), 5.03 (1H, dd, J = 4.4, 7.0, H-3), 4.92
(1H, t, J = 7.1, H-6), 4.83 (1H, Jab = 11.7, CH2O), 4.52 (1H, Jab = 11.7, CH2O), 4.12 (1H, dd, J = 4.3, 8.4, H-3a),
3.78 (3H, s, MeO), 1.94-1.85 (2H, m, H-5, H-4), 1.71-1.56 (1H, m, H-5'), 1.34 (3H, d, J = 6.3, CH3), 1.11 (3H, t,
J = 6.6, CH3). MS-EI (rel. int.) m/z: 338 (M+, 0.27), 250(0.66), 249(0.23), 138(5.35), 121(100), 90(0.97),
77(0.36), 64(0.48). C16H22N2O6 calcd C 56.63, H 6.53, N 8.25; found C 56.66, H 6.46, N 8.17.
(38a)-cis.
70 mg (0.21 mmol, 11%). White solid; m.p. 97-98 °C; Rf = 0.22 (EtOAc/hexane 1/4, 1%
Et3N). 1H-NMR-dept (300 MHz, CDCl3); δ(ppm), J (Hz): 7.31-7.26 (2H, m, Ph), 6.89-6.86
(2H, m, Ph), 5.03-4.94 (3H, m, H-2, H-3, H-6), 4.84 (1H, d, Jab = 11.7, CH2O), 4.52 (1H,
Jab = 11.7, CH2O), 3.88 (1H, dd, J = 6.7, 7.3, H-3a), 3.80 (3H, s, MeO), 2.19-2.09 (1H, m, H-4), 1.98-1.89 (1H,
m, H-5), 1.74-1.64 (1H, m, H-5'), 1.69 (3H, d, J = 6.4, CH3), 1.22 (3H, d, J = 6.9, CH3). MS-EI (rel. int.) m/z:
338 (M+, 0.41), 233(0.23), 223(0.25), 166(0.51), 138(4.38), 121(100), 91(2.63), 77(6.32), 51(4.80), 42(3.74),
28(10.39). C16H22N2O6 calcd C 56.80, H 6.55, N 8.28; found C 56.91, H 6.63, N 8.18.
4,5-Dimethyl-2-[4-methoxybenzyl)oxy]-perhydroazetol[1,2-b][1,2]oxazin-6-one (39a)
121 mg (0.42 mmol, 23%). Oil; Rf = 0.13 (EtOAc/hexane 1/4, 1% Et3N). 1H-NMR-dept (300
MHz, CDCl3); δ(ppm), J (Hz): 7.35-7.25 (2H, m, Ph), 6.90-6.87 (2H, m, Ph), 4.90 (1H, Jab =
11.5, CH2O), 4.83 (1H, dd, J = 1.3, 9.6, H-2), 4.66 (1H, Jab = 11.4, CH2O), 3.79 (3H, s,
MeO), 3.22-3.12 (2H, m, H-5, H-4a), 1.92-1.86 (1H, m, H-3), 1.82-1.78 (1H, m, H-4), 1.48
(1H, dt, J = 9.6, 12.6, H-3'), 1.21 (3H, d, J = 7.2, CH3), 0.98 (3H, d, J = 6.5, CH3). GC-MS
(rel. int.) m/z: 292 (MH+, 0.01), 241 (1.9), 211 (0.3), 197 (0.3), 161 (0.3), 154 (0.2), 138 (0.1), 137 (0.4), 135
(1.0), 121 (100), 107 (0.6), 105 (0.4), 91 (1.4), 89 (1.5), 77 (3.8). FT-IR: 1772 (C=O).
2,4-Diethyl-6-[4-methoxybenzyl)oxy]-3-nitroperhydroisoxazolo [2,3-b][1,2]oxazine (38b)
318 mg (3.15 mmol) 5-j and 127 mg (0.77 mmol) enol ether 1. After 24 h, 12 Kbar, RT column chromatography
(EtOAc/hexane 1/4, 1% Et3N) yielded:
(38b)-trans. 102 mg (0.28 mmol, 36%). White solid; m.p. 99.6 °C; Rf = 0.29
(EtOAc/hexane 1/4, 1% Et3N). 1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 7.31-7.29
(2H, m, Ph), 6.89-6.86 (2H, m, Ph), 5.08 (1H, dd, J = 4.5, 6.9, H-3), 4.91 (2H, t, J = 7.2,
H-2, H-6), 4.85 (1H, Jab = 11.7, CH2O), 4.54 (1H, Jab = 11.7, CH2O), 4.17 (1H, dd, J =
4.5, 6.0, H-3a), 3.80 (3H, s, MeO), 2.02-1.92 (1H, m, H-5), 1.82-1.40 (6H, m, H-4, H-5',
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CH2), 1.08 (3H, t, J = 7.5, CH3), 0.89 (3H, t, J = 7.4, CH3). 13C-NMR-multiplicity (25MHz, CDCl3); 159.2(s),
129.6(s), 129.5(d), 96.4(d), 65.5(d), 79.4(d), 66.7(t), 55.2(q), 37.4(d), 30.6(t), 26.4(t), 20.6(q),10.7(q), 10.6(q).
MS-EI (rel. int.) m/z: 366(M+, 1.08), 230(M+, 0.85), 182(1.66), 166(1.96), 152(3.15), 138(14.78), 121(100),
77(15.12), 57(18.49), 41(18.20), 32(23.64), 29(24.38), 28(62.21). C18H26O6N2 calcd C 59.00, H 7.15, N 7.65;
found C 59.88, H 7.00, N 7.70.
(38b)-cis. 51 mg (0.14 mmol, 18%). White solid; m.p. 76.3 °C; Rf = 0.17 (EtOAc/hexane
1/4, 1% Et3N). 1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 7.33-7.27 (2H, m, Ph), 6.89-
6.86 (2H, m, Ph), 4.99 (1H, dd, J = 5.4, 7.7, H-3), 4.90 (1H, t, J = 6.2, H-6), 4.83 (1H, Jab
= 11.7, CH2O), 4.79-4.72 (1H, m, H-2), 4.52 (1H, Jab = 11.7, CH2O), 3.95 (1H, dd, J =
5.8, 7.7, H-3a), 3.80 (3H, s, MeO), 2.07-1.51 (7H, m, H-4, H-5, CH2), 1.05 (3H, t, J = 7.5,
CH3), 0.90 (3H, t, J = 7.4, CH3).
4,5-Diethyl-2-[4-methoxybenzyl)oxy]-perhydroazetol[1,2-b][1,2]oxazin-6-one (39b)
56 mg (0.18 mmol, 23%). Oil; Rf = 0.13 (EtOAc/hexane 1/4, 1% Et3N). 1H-NMR-dept (300
MHz, CDCl3); δ(ppm), J (Hz): 7.32-7.25 (2H, m, Ph), 6.90-6.86 (2H, m, Ph), 4.92 (1H, Jab =
11.4, CH2O), 4.81 (1H, dd, J = 1.7, 8.2, H-2), 4.66 (1H, Jab = 11.4, CH2O), 3.80 (3H, s,
MeO), 3.29 (1H, dd, J = 4.7, 9.5, H-4a), 3.01-2.94 (1H, m, H-5), 2.04-2.00 (1H, m, H-3),
1.73-1.40 (6H, m, H-4, H-3', CH2), 1.12 (3H, t, J = 7.4, CH3), 0.91 (3H, t, J = 7.5, CH3).FT-
IR: 1776 (C=O).
2,4-Dicyclohexyl-6-[(4-methoxybenzyl)oxy]-3-nitroperhydro isoxazolo[2,3-b][1,2]oxazine (38c)
Prepared according to the general procedure for the two-component domino cycloaddition using CH2Cl2 as the
solvent from 164 mg (1.0 mmol) 1, and 493 mg (3.18 mmol) 5k. After 18 h and 15 Kbar 1H-NMR of the crude
reaction mixture showed complete conversion of the enol ether 1 and the formation one single diastereomer 38c.
After removal of excess of 5k by silica column chromatography (EtOAc/hexane 1:10, 1% Et3N) 334 mg (0.70
mmol, 70%) 38c was obtained as a mixture of C-2,C-3 cis and trans epimers in a 1/1 ratio. During the
purification with Et3N containing eluent epimerization at C-3 occurred. In order to reach complete conversion
towards the most stable epimer the mixture was stirred overnight at RT in 10 ml CH2Cl2 containing an excess of
base (0.3 ml Et3N). 1H-NMR of the crude reaction mixture showed still a 1/1 ratio indicating a fast equilibration
of the epimers (no complete conversion). An attempt to separate the two epimers by column chromatography
using CHCl3 as eluent (without base) lead to separation of the two epimers but also to partial degradation. Both
epimers were again purified by column chromatography (EtOAc/hexane 1:20, 1% Et3N). Again 38c was isolated
in a 1/1 ratio of epimers. Most likely the equilibration occurred on the silica column in the presence of Et3N. Rf =
0.38 (EtOAc/hexane 1:10, 1% Et3N).
Mixture of 38c-trans and 38c-cis:
38c-trans: 1H-NMR (300 MHz, CDCl3): δ(ppm) J (Hz): 7.30-7.26 (2H, m, pMeO-Ph),
6.88-6.85 (2H, m, pMeO-Ph), 5.19 (1H, dd, J = 6.2, 7.1, H-2), 5.07 (1H, dd, J = 6,0,
9.2, H-3), 4.86 (1H, t, J = 7.2, H-6), 4.83 (1H, Jab = 11.6, CH2O), 4.54 (1H, Jab = 11.8,
CH2O), 3.80 (3H, s, OCH3), 3.71 (1H, d, J = 7.7, 9.0, H-3a), 1.75-0.85 (25H, m, c-
hexyl-H, H-4, H-5).
38c-cis: 1H-NMR (300 MHz, CDCl3): δ(ppm) J (Hz): 7.30-7.26 (2H, m, pMeO-Ph),
6.88-6.85 (2H, m, pMeO-Ph), 5.02 (1H, dd, J = 3.6, 6.1, H-3), 4.87 (1H, t, J = 7.2, H-
6), 4.83 (1H, Jab = 11.6, CH2O), 4.64 (1H, d, J = 6.1, 10.1, H-2), 4.54 (1H, Jab = 11.8,
CH2O), 4.23 (1H, d, J = 3.6, 8.9, H-3a), 3.80 (3H, s, OCH3), 1.87 (1H, d(br), J = 6.9,
c-hexyl-H), 1.75-0.85 (24H, m, c-hexyl-H, H-4, H-5). MS-CI (rel. int.) m/z: 595 (M+ +
pMB+, 1.1), 474 (M+, 0.04), 419 (0.07), 337 (1.2), 293 (8), 200 (7), 149 (18), 121
(100), 109(4), 83 (5).
HR-MS: calcd. for M+(C26H38N2O6): 474.2730 found 474.2729 ± 0.0018.
2,4-Di(tert-butyl)-6-[(4-methoxybenzyl)oxy]-3-nitroperhydroisoxazolo[2,3-b][1,2]oxazine (38d)
283 mg (2.2 mmol) 5l en 136 mg (0.9 mmol) enol ether 1. After 18 h, 15 Kbar, RT
silica column chromatography (EtOAc/hexane 1/4, 1% Et3N) yielded 151 mg (0.36
mmol, 39%) of 38d as the only isomer formed. White solid, m.p. 116 °C; Rf = 0.46
(EtOAc/hexane 1/4, 1% Et3N). 1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 7.32-7.28
(2H, m, Ph), 6.90-6.85 (2H, m, Ph), 5.14 (1H, d, J = 5.4, H-2), 4.98 (1H, dd, J = 5.4,
8.7, H-3), 4.87 (1H, Jab = 11.6, CH2O), 4.84 (1H, dd, J = 6.5, 8.5, H-6), 4.54 (1H, Jab = 11.6, CH2O), 3.80 (3H, s,
MeO), 3.52 (1H, dd, J = 7.0, 8.6, H-3a), 1.93-1.85 (1H, m, H-5), 1.77 (1H, dt, J = 8.6, 13.5, H-4), 1.53-1.45 (1H,
m, H-5'), 1.01 (9H, s, CH3), 0.94 (9H, s, CH3). 13C-NMR-multiplicity (25MHz, CDCl3); 159.5 (s), 130.5 (s),
129.6 (d), 113.7 (d), 78.2 (d), 76.9 (d), 75.7 (d), 74.0 (t), 66.9 (q), 55.2 (d), 41.3 (t), 32.7 (t), 32.0 (s), 27.3 (d),
26.8 (s), 25.4 (s). MS-EI (rel. int.) m/z: 422 (M+, 0.5), 286 (0.4), 275 (0.5), 238(0.6), 182 (2.0), 166 (1.1), 149
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(1.4), 138 (6.1), 135 (2.0), 121 (100), 109 (4.3), 107 (2.4), 95 (2.4), 91 (3.1), 77 (6.3). C22H34N2O6 calcd C
62.54, H 8.11, N 6.63; found C 62.26, H 8.10, N 6.53.
6-Ethoxy-2,4-diethyl-3-nitroperhydroisoxazolo[2,3-b][1,2]oxazine (38e)
75 mg (1.04 mmol) 11 and 205 mg (2.03 mmol) 5-j were dissolved in CDCl3 and placed
at 12 Kbar, RT for 16 h. Silica column chromatography (EtOAc/hexane 1/6, 1% Et3N)
yielded 38e-cis, (38e)-trans and 39e in 60% yield (ratio 1.0:2.7:1.2).
(38e)-cis: White solid. Rf = 0.57 (EtOAc /hexane 1/2, 1% Et3N). 1H-NMR-dept (300
MHz, CDCl3); δ(ppm), J (Hz): 4.98 (1H, dd, J = 5.4, 7.7, H-3), 4.87 (1H, t, J = 6.5, H-6),
4.73 (1H, dt, J = 5.3, 7.4, H-2), 3.97-3.87 (2H, m, H-3a, CH2O), 3.59-3.45 (1H, m, CH2O), 2.12-1.40 (7H, m,
CH2, H-4, H-5), 1.25 (3H, t, J = 7.0, CH3), 1.03 (3H, t, J = 7.5, CH3), 0.91 (3H, t, J = 7.4, CH3).
(38e)-trans: White solid: m.p. 88-89 °C. Rf = 0.46 (EtOAc /hexane 1/2, 1% Et3N). 1H-NMR-dept (300 MHz,
CDCl3); δ(ppm), J (Hz): 5.07 (1H, dd, J = 4.5, 7.0, H-3), 4.90-4.84 (2H, m, H-2, H-6), 4.16 (1H, dd, J = 4.4, 8.4,
H-3a), 4.00-3.90 (1H, m, CH2O), 3.57-3.47 (1H, m, CH2O), 2.01 (1H, dddd, J = 3.3, 6.8, 10.2, 13.5, H-5), 1.82-
1.46 (6H, m, CH2, H-4, H-5'), 1.26 (3H, t, J = 7.1, CH3), 1.07 (3H, t, J = 7.5, CH3), 0.91 (3H, t, J = 7.4, CH3).
C12H22N2O5 (274), calcd. C 52.54, H 8.08, N 10.21; found C 52.31, H 8.00, N 10.08.
2-Ethoxy-4,5-diethylperhydroazeto[1,2-b][1,2]oxazin-6-one (39e)
Rf = 0.33 (EtOAc /hexane 1/2, 1% Et3N). 1H-NMR-dept (300 MHz, CDCl3); δ(ppm), J (Hz):
4.76 (1H, dd, J = 1.5, 9.5, H-2), 4.10-4.00 (1H, m, CH2O), 3.76-3.66 (1H, m, CH2O), 3.27
(1H, d, J = 4.7, 9.7, H-4a), 3.00-2.93 (1H, m, H-5), 2.04 (1H, m, H-3), 1.73-1.30 (6H, m,
CH2, H-4, H-3'), 1.26 (3H, t, J = 7.1, CH3), 1.12 (3H, t, J = 7.4, CH3), 0.94 (3H, t, J = 7.5,
CH3).
2,4-Diethyl-3-nitroperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine(38f)
76 mg (1.09 mmol) 22 and 202 mg (2.00 mmol) 5-j were dissolved in CDCl3 and placed
at 12 Kbar at RT for 16 h. Silica column chromatography (EtOAc/hexane 1/4, 1% Et3N)
yielded 38f-cis, (38f)-trans and 39f in 53% yield (ratio 2:3:1). To separate 38f from 39f a
second chromatographic step (CHCl3, 1% Et3N) was necessary.
(38f)-cis Rf = 0.42 (EtOAc /hexane 1/2, 1% Et3N). 1H-NMR (300 MHz, CDCl3); δ(ppm),
J (Hz): 5.62 (1H, d, J = 4.8, H-8a), 5.12 (1H, dd, J = 4.8, 6.9, H-5), 4.92 (1H, bq, J = 7.3, H-6), 4.14 (1H, dd, J =
4.8, 7.2, H-4a), 3.94 (2H, dd, J = 5.0, 8.1 CH2O), 2.24-1.56 (8H, m, CH2, H-3a, H-4), 1.07 (3H, t, J = 7.4, CH3),
0.93 (3H, t, J = 7.5, CH3). MS -CI (rel. int.) m/z: 273 (MH+, 59), 255 (27), 226 (35), 215 (29), 209 (61), 208
(100), 197 (45), 181 (21), 173 (19), 154 (31), 152 (20), 130 (38), 111 (89), 83 (27). HR-MS: calcd. for MH+
(C12H21N2O5): 273.145047 found 273.14492 ± 0.00121.
(38f)-trans. Rf = 0.21 (EtOAc /hexane 1/2, 1% Et3N). 1H-NMR (300 MHz, CDCl3); δ(ppm), J (Hz): 5.40 (1H, d,
J = 7.2, H-8a), 5.09 (1H, dd, J = 4.4, 6.9, H-5), 4.88 (1H, bq, J = 7.2, H-6), 4.35 (1H, dt, J = 3.7, 8.5, CH2O),
4.15 (1H, dd, J = 4.3, 9.0,H-4a), 3.88 (1H, q, J = 8.1, CH2O), 2.59-2.50 (1H, m, H-3a), 2.07-1.89 (3H, m, H-4,
H-3), 1.69-1.49 (4H, m, CH2), 1.06 (3H, t, J = 7.4, CH3), 0.96 (3H, t, J = 7.4, CH3). MS-CI (rel. int.) m/z: 273
(MH+, 46), 255 (42), 226 (11), 215 (12), 209 (100), 208 (30), 180 (34), 157 (16), 137 (7), 125 (9), 111 (12), 83
(4). HR-MS: calcd. for MH+(C12H21N2O5): 273.145047 found 273.14516 ± 0.00112.
4,5-Diethylperhydroazeto[1,2-b]furo[3,2-e][1,2]oxazin-6-one (39f)
White solid, m.p. 101-103 °C. Rf = 0.31 (EtOAc /hexane 1/2, 1% Et3N). 1H-NMR-dept (300
MHz, CDCl3); δ(ppm), J (Hz): 5.41 (1H, d, J = 2.9, H-8a), 4.25, 4.16 (1H, dt, J = 2.7, 8.8,
CH2O), 4.07 (1H, dd, J = 5.0, 8.4 CH2O), 3.37 (1H, dd, J = 4.6, 10.0, H-4a), 2.99 (1H, dd, J =
5.5, 10.1, H-5), 2.44-2.37 (1H, m, H-3a), 2.05-1.26 (7H, m, CH2, H-3, H-4), 1.13 (3H, t, J =
7.4, CH3), 0.99 (3H, t, J = 7.4, CH3). C12H19NO3 (225), calcd. C 63.98, H 8.50, N 6.22; found
C 63.92, H 8.47, N 6.26.
Determination of ratio of regio-isomers 35 and 36
Performed according to the general procedure for the two-component domino cycloaddition using 10 mmol of
nitrostyrene 5a, 5c, 5d, 5e, 5f, 5g, 5h and 2.5 mmol of enol ether 1 or 11. Determination of ratio of regio-isomers
was done by integration of H-2 peaks, with a doublet at 6.3 ppm assigned to H-2 of regio-isomer 35 and doublets
at 6.5 ppm and 5.8 ppm, assigned to H-2 of regio-isomer 36. The reaction mixtures of 11 with 5c and 1 with 5f,
5gand 5h were purified by column chromatography (EtOAc/hexane 1:5, 1% Et3N) after which the β-lactam
compound was isolated.
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2,4-Di(2-naphthyl)-3-nitroperhydroisoxazolo[2,3-b][1,2]oxazin-6-yl ethyl ether (36c)
White solid from CH2Cl2/hexane, m.p. 174-175 °C. 1H-NMR (300 MHz, CDCl3): δ(ppm)
J (Hz): 8.12 (1H, m, Napht), 7.90-7.42 (13H, m, Napht), 6.97 (1H, d, J = 7.0, H-2), 5.60
(1H, dd, J = 4.2, 6.9, H-3), 5.39 (1H, dd, J = 3.7, 9.3, H-3a), 5.27 (1H, t, J = 7.4, H-6),
4.13-4.03 (2H, m, H-4, CH2O), 3.71-3.61 (1H, m, CH2O), 2.39-2.32 (2H, m, H-5), 1.33
(3H, t, J = 7.1, Me). MS-EI (rel. int.) m/z: 470 (M+, 0.54), 424 (0.4), 378 (0.2), 348 (0.3), 332 (0.2), 314 (0.7),
305 (0.6), 242 (3.7), 228 (6.8), 211 (3.0), 181 (4.9), 165 (9.6), 152 (12.5), 141 (10.7), 127 (11.0), 106 (11.3), 91
(10.7). C28H26N2O5 (470): calcd. C 71.48, H 5.57, N 5.95; found C 71.07, H 5.40, N 5.96.
2,4-Di(4-fluorophenyl)-6-[(4-methoxybenzyl)oxy]-3-nitroperhydroisoxazolo[2,3-b][1,2]oxazine (36f)
White solid from CH2Cl2/hexane, m.p. 169-175 °C, 1H-NMR (300 MHz, CDCl3):
7.34-6.87 (12H, m, Ph), 6.48 (1H, d, J = 6.4, H-2), 5.14 (1H, J = 6.4, 9.4, H-3),
5.08 (1H, t, J = 7.6, H-6), 4.92 (1H, Jab = 11.6, CH2O), 4.61 (1H, Jab = 11.6,
CH2O), 4.39-4.30 (1H, m, H-3a), 3.80 (3H, s, OCH3), 2.90 (1H, ddd. J = 4.1, 9.0,
13.0, H-4), 2.25 (1H, dt, J = 8.0, 13.6, H-5), 2.11 (1H, ddd, J = 4.1, 6.6, 13.7, H-5').
MS-CI (rel. int.) m/z: 480 (MH+-F+, 0.1), 452 (26), 434(0.4), 390(2.6), 361(18.4),
138(16.9), 121 (pMeOBz, 100.0).
4-4-(4-Cyanophenyl)-6-[(4-methoxybenzyl)oxy]-3-nitroperhydroisoxazolo[2,3-b][1,2]oxazin-2-ylbenzo
nitrile (36g)
White solid from CH2Cl2/hexane, m.p. 180-183 °C (dec.). 1H-NMR (300 MHz,
CDCl3): 7.71 (2H, Jab = 8.3, pCN-Ph), 7.65 (2H, Jab = 8.3, pCN-Ph), 7.47 (2H,
Jab = 8.3, pCN-Ph), 7.391 (2H, Jab = 8.3, pCN-Ph), 7.31 (2H, Jab = 8.6, pMeO-
Ph), 6.89 (2H, Jab = 8.6, pMeO-Ph) 6, 6.60 (1H, d, J = 6.3 Hz, H-2), 5.14 (2H, d,
J = 9.4, H-3), 5.09 (1H, t, J = 6.4, H-6), 4.91 (1H, Jab = 11.5, CH2O), 4.62 (1H,
Jab = 11.5, CH2O), 4.34 (1H, dd, J = 8.1, 9.1, H-3a), 3.80 (3H, s, OCH3), 3.04
(1H, m, J = 4.2, 7.9, 12.6, H-4), 2.26 (1H, dt, J = 7.8, 13.6, H-5), 2.13 (1H, ddd,
J = 4.2, 6.6, 13.8, H-5'). MS-EI (rel. int.) m/z: 481 (M-OCH3, 0.1), 299 (10.2),
174 (14.6), 155 (15.6), 138 (71.1). 130 (50.1), 121 (pMB+, 100.0).
4,5-Di(2,6-dichlorophenyl)-2-[(4-methoxybenzyl)oxy]perhydroazeto 1,2-b][1,2]oxazin-6-one (36h)
White solid from CH2Cl2/hexane, m.p. 155-158 °C. 1H-NMR (300 MHz, CDCl3): 7.38-
7.07 (8H, m, Ph), 6.93-6.90 (2H, m, Ph), 5.15 (1H, dd, J = 1.6, 9.4, H-2), 5.01 (1H, Jab =
11.2, CH2O), 4.76 (1H, Jab = 11.2, CH2O), 4.67 (1H, dd, J = 1.3, 9.7, H-4a), 4.63 (1H, d,
J = 1.3, H-5), 4.22-4.13 (1H, m, H-4), 3.82 (3H, s, OCH3), 2.93 (1H, dt, J = 9.5, 13.7,
H-3), 1.95 (1H, ddd, J = 1.7, 3.9, 13.8, H-3'). C26H21NO4Cl4 (553) calcd. C 56.44, H
3.83, N 2.53; found C 56.11, H 3.87, N 2.57.
Preparation of the nitroalkenes 5a-g
E-1-Nitro-2-phenyl ethene (5a)
Prepared via method described in ref. 32 M.p.: 57-58 °C. (m.p. lit.: 56-57 °C 33; 58 °C 34).
1H-NMR (300 MHz, CDCl3): 8.00 (1H, d, Jab = 13.7, H-1), 7.61-7.40 (6H, m, Ph, H-2).
General procedure for the microwave-assisted Knoevenagel condensation
In a typical procedure, a mixture of arylaldehyde, 4 equiv. of nitroalkane and 0.25 equiv. ammonium acetate was
exposed to microwave irradiation for the reported time using a modified microwave oven operating at 1000 W
and equipped with a condenser. After 90% conversion of the arylaldehyde (monitored by G.C.), the reaction was
stopped and the reaction mixture was cooled to RT. After column chromatography (EtOAc/hexane 1:20) the
nitrostyrene derivative was obtained.
1-Phenyl-2-nitro-propene (5b)
Prepared via a microwave-assisted Knoevenagel condensation using 10.00 g (94.3 mmol)
benzaldehyde, 28.30 g (377.4 mmol) Nitroethane and 1.82 g (23.6 mmol) ammonium acetate. After
20 minutes, conversion of the aldehyde was more than 90%. Purification afforded 13.07 g (80.19
mmol, 85%) of 5b. 1H-NMR (100 MHz, CDCl3): 8.07 (1H, s, CH-Ph), 7.51-7.18 (5H, m, Ph), 2.43
(3H, s, CH3).
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NO2
2-[(E)-2-Nitroeth-1-enyl]naphthalene (5c)
Prepared via a microwave-assisted Knoevenagel condensation using 5.00 g (32.1 mmol), 2'-
naphthalene carboxaldehyde, 7.83 g (128.4 mmol) nitromethane and 0.57 g (8.0 mmol) ammonium
acetate. After 15 minutes, conversion of the aldehyde was more than 90%. Purification afforded
5.35 g (26.9 mmol, 84%) of 5c. 1H-NMR (300 MHz, CDCl3): 8.59 (1H, Jab = 13.4, H-1), 7.93-7.33
(8H, m, Ph). Mp. 122-123 °C (lit. 121-122 °C).35
1-Methoxy-4-[(E)-2-nitro-1-ethenyl]benzene (5d)
Prepared via a microwave-assisted Knoevenagel condensation using 4.00 g (29.4 mmol) 4-methoxy-
benzaldehyde, 7.18 g (117.6 mmol) nitromethane and 0.57 g (7.4 mmol) ammonium acetate. After
60 minutes, conversion of the aldehyde was more than 90%. Purification afforded 3.32 g (18.5
mmol, 63%) of 5d. 1H-NMR (300 MHz, CDCl3): 7.97 (1H, d, J = 13.6, CHNO2), 7.54-7.48 (3H, m,
Ph, CHPh), 6.99-6.93 (2H, m, Ph), 3.87 (3H, s, OCH3). m.p. 84-85 °C (lit. 84-87 °C).
1,2-Dimethoxy-4-[(E)-2-nitro-1-ethenyl]benzene (5e)
Prepared via a microwave-assisted Knoevenagel condensation using 4.00 g (24.1 mmol) 3,4-
dimethoxy-benzaldehyde, 5.88 g (96.4 mmol) nitromethane and 0.46 g (6.0 mmol) ammonium
acetate. After 5 minutes, conversion of the aldehyde was more than 95%. Purification afforded
4.38 g (21.0 mmol, 87%) of 5e. 1H-NMR and m.p. in agreement with analysis described in ref. 36
1-Fluoro-4-[(E)-2-nitroeth-1-enyl]benzene (5f)
Prepared via a microwave-assisted Knoevenagel condensation using 4.00 g (24.1 mmol) 4-fluoro-
benzaldehyde, 5.88 g (96.4 mmol) nitromethane and 0.46 g (6.0 mmol) ammonium acetate. After 25
minutes, conversion of the aldehyde was more than 90%. Purification afforded 2.24 g (13.50 mmol,
56%) of 5f. 1H-NMR (100 MHz, CDCl3): 8.00 (1H, Jab = 13.7, C=CHNO2), 7.64-7.46 (3H,
C=CHPh, Ph), 7.26-7.07 (2H, m, Ph,).
1,3-Dichloro-2-[(E)-2-nitroeth-1-enyl]benzene (5h)
Prepared via a microwave-assisted Knoevenagel condensation using 10.00 g (57.5 mmol) 2,6-
dichloro-benzaldehyde, 14.02 g (229.9 mmol) nitromethane and 1.11 g (14.4 mmol) ammonium
acetate. After 15 minutes, conversion of the aldehyde was more than 90%. Purification afforded
9.57 g (47.1 mmol, 82%) of 5h. 1H-NMR (100 MHz, CDCl3): 8.27 (1H, Jab = 13.9, C=CHNO2),
7.84 (1H, Jab = 13.9, C=CHPh), 7.51-722 (3H, m, Ph).
General procedure for the preparation of aliphatic nitroethenes 5I-l
0.10 mol aldehyde was added to 0.17 mol nitromethane at 0 °C. After stirring for 3 min. a slurry of 10 g dried
basic Al2O3 in 20 ml CH2Cl2 was added. After 10 min. stirring at 0 °C the mixture is poured over a filter and the
Al2O3 was rinsed thoroughly with CH2Cl2. After evaporation of the solvents under reduced pressure, 0.09 mol
ftalic anhydride was added to the nitroalcohol in the distillation bulb and distillation afforded the nitroalkene as a
clear yellow oil.
The use of dried Alumina (70 °C, 24 h, 5 mmHg) is essential to prepare the nitroalcohol. For the dehydration of
the nitroalcohol, Ballini reported the use of basic alumina in refluxing CH2Cl2. 37, 38 This method resulted in very
low yields of the aliphatic nitroalkenes (probably due to polymerization of the product). When ftalic anhydride
was used to dehydrate the nitroalcohol much higher yields were obtained. 39
(E)-1-Nitroprop-1-ene (5i)
Prepared according to the general procedure using 5.4 ml (0.10 mol) and 9 ml (0.17 mol) nitromethane.
GC-analysis showed the formation of 93% nitroalcohol. 14 g (0.09 mol) ftalic anhydride was added
and distillation afforded 365 mg (4.2 mmol, 4.2%) 5i (b.p. 63 °C). 1H-NMR (100 MHz, CDCl3): 7.49-
7.09 (1H, m, C=CHCH3), 7.02 (1H, d, J = 13.7, C=CHNO2), 1.97 (3H, dd, J = 0.9, 17.6, CH3).
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(E)-1-Nitrobut-1-ene (5j)
Prepared according to the general procedure using 8 ml (0.11 mol) propionaldehyde and 6.6 ml (0.12
mol) nitromethane. GC-analysis showed the formation of 84% nitroalcohol. 12 g (0.08 mol) ftalic
anhydride was added and distillation afforded 1.04 g (0.01 mol, 9%) 5j (b.p. 83 °C). 1H-NMR (300
MHz, CDCl3): 7.38-7.27 (1H, m, CHNO2), 6.98 (1H, ddd, J = 1.6, 3.2, 13.4, CHEt), 2.32 (2H, m,
CH2), 1.15 (3H, t, 7.4, CH3).
(E)-1-Nitro-1-cyclohexylethene (5k)
Prepared according to method described in ref. 40 using nitromethane, cyclohexyl aldehyde and cat. t-
BuOK in t-BuOH/THF yielding the nitroalcohol in 70%, followed by dehydration using 1.1 equiv.
trifluoroacetic anhydride and 2.1 equiv. Et3N afforded 5k exclusively as the trans isomer in 49%
overall yield (b.p.: 70 °C, 0.3 mmHg, lit.: 100 °C, 0.4 mmHg40).
(E)-3,3-Dimethyl-1-nitrobut-1-ene (5l)
Prepared according to general method using 3.8 ml (0.04 mol) 2,2-dimethylpropanal and 2.2 ml
(0.04 mol) nitromethane. GC-analysis showed the formation of 94% nitroalkene without using ftalic
anhydride. Distillation afforded 1.20 g (9.32 mmol, 27%) 5l (b.p. 70 °C). 1H-NMR (100 MHz,
CDCl3): 7.29 (1H, d, J = 13.5, CHNO2), 6.90 (1H, d, J = 13.5, CHt-Bu), 1.17 (s, 9H, CH3).
Biological activity test
The biological activity of β-lactams 9, 14, 25, 30, 38e, 38f, 37e and 40 was tested against several bacteria and
Candida (Stau ATCC 29213, Ecfa 29212, Esco 25922, Psae 27853, Klpn, Encl, Acba, Smma, MRSA, Candida
albicans) in a micro broth dilution assay according to NCCLS-standard at different concentrations (64-32-16-8-
4-2-1-0.5-0.25-0.12 mg/L) together with reference sample meropenem.41 The compounds showed no activity,
not even at the highest concentration of 64 mg/L. A major problem was the low solubility of all compounds in
buffered solution (pH 8); after addition of an aqueous buffer to a solution of β-lactam in DMSO the solution
turned turbid.
Stau = Staphylococcus aureus; Ecfa = Enterococcus faecalis; Esco = Escherichia coli; Psae = Pseudomonos
aeruginosa; Klpn = Klebsiella pneumoniae; Encl = Enterobacter cloacae; Acba = Acinetobacter baumannii;
Smma = Stenotrophomonas maltophilia; MRSA = methicillin resistant Staphylococcus aureus; Candida =
Candida albicans.
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Chapter 4
Novel 5,5-Membered Bi- and Tricyclic Nitroso Acetals
from High-Pressure Promoted Cyclization Reactions1
4.1 Introduction
In chapter 2, the behavior of heteroaryl-substituted β-nitroethenes 2a-c in the three-
component domino [4 + 2]/[3 + 2] cycloaddition was described. At a pressure of 15 Kbar the
β-nitroethenes 2a, 2b and 2c substituted with an 3'-pyridyl-, 3’-indolyl- and 2’-pyrrolyl-
group, respectively, reacted efficiently with p-methoxybenzyl vinyl ether (1) and methyl
acrylate (3) via the domino [4 + 2]/[3 + 2] cycloaddition to form 6,5-membered bicyclic
nitroso acetals 4, Scheme 1.
pMBO
N
+ OO
Ar
CO2Me O N OpMBO
Ar
CO2Me N
N
H
N
H
+ +
15 Kbar
1 32a-c 4a-c
18 h
a Ar:
b Ar:
c Ar:
Scheme 1
In this chapter the domino cycloaddition reaction of 2 equiv. of (E)-1-nitro-2-(3'-
pyridyl)ethene (2a) and p-methoxybenzyl vinyl ether (1) was explored and a competition
between the formation of domino [4 + 2]/[3 + 2] cycloadducts and the formation of a novel 5-
membered cyclic nitronate was observed.
The mechanistic aspects of this cyclization reaction, which lead to this 5-membered cyclic
nitronate, will be discussed and the synthetic application of the 5-membered cyclic nitronate
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in the synthesis of a novel class of pyridyl-substituted 5,5-membered bicyclic nitroso acetals
will be described.
4.2 Results and Discussion
4.2.1 Novel 5,5 membered nitronate
At a pressure of 15 Kbar in chloroform 3-[(E)-2-nitro-1-ethenyl] pyridine (2a) was treated
with p-methoxybenzyl vinyl ether (1) to give the domino adducts 5a and 5b, in accordance
with the observations described in chapter 2, Scheme 2. Nitroalkene 2a reacted as heterodiene
pMBO N+OO
Py
N+
OpMBO
Py
O
O
N+ OpMBO
Py
O N OpMBO
R2
R1
Py
NO2
Py
N
+
[3 + 2]
6
[4 + 2]
[4 + 2] adduct
5a R1=NO2, R2=Py
5b R1=Py, R2=NO2
2 eq.
1 2a
Py =
Scheme 2
4
with enol ether 1 and the excess of 2a reacted as a dipolarophile with the in situ generated [4
+ 2] adduct, yielding nitroso acetals 5a and 5b in a one-pot reaction.2 Since polymerization of
nitroalkene 2a was one of the major side reactions at 15 Kbar, the reactivity of the two-
component system was investigated at lower pressures. Indeed, the polymerization of starting
compound 2a was less dominant at these lower pressures (7-12 Kbar) but under these
conditions, also the formation of a new stable product was observed (mono-adduct 6). Its
formation appeared to be in competition with the formation of the bicyclic nitroso acetals 5a
and 5b, as shown below. Compound 6 was isolated by chromatographic purification, which
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allowed its structural characterization by mass spectroscopy, 13C-Dept (3xCH2), 13C –1H
correlation NMR and 2D-NOESY 1H-NMR experiments (showing strong H1-H4 contacts),
Figure 1.
N
OpMBO O
NH4 H4'H1 H1'
6
Figure 1. Structure of nitronate 6
+ -
4.2.2 Pressure and solvent dependency
A clear pressure dependent product ratio was observed in chloroform as the solvent, Table 1.
The ratio 5:6 (nitroso acetals 5a-b:mono-adduct 6) changed from 1:1 at a pressure of 7 Kbar
to 3:1 at a pressure of 12 Kbar and the to 6:1 at a pressure of 15 Kbar.3 In dichloromethane the
entry solvent pressure
(kbar)
ratio
5:6
a
b
c
d
e
f
g
h
CH2Cl2
CHCl3
CHCl3
CHCl3
acetone
acetone
THF
7-12
15
12
15
7
15
8
8
1:1
-
1:1
3:1
6:1
-
1:8
1:4
CH2Cl2
* mainly polymerisation of nitroalkene
*
*
Table 1. Pressure and solvent dependent product ratio
5:6 ratio was not influenced by the pressure (1:1 ratio from 7-12 Kbar).4 An inverse product
ratio (5:6 = 1:8) was obtained when acetone was used as the solvent. Mono-adduct 6 was now
formed predominantly. An attempt to further increase the 5:6 ratio by applying a pressure of
15 Kbar merely resulted in nitroalkene polymerization. At pressures below 8 Kbar,
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conversion of the starting compounds was not complete although mono-adduct 6 was always
formed as the major product. 5 A similar product ratio, although less pronounced, was
obtained when tetrahydrofuran was used as the solvent (at a pressure of 8 Kbar, 5:6 = 1:4).
Clearly, both the pressure and the solvent play a crucial role in the formation of the 5-
membered cyclic nitronate 6.
4.2.3 Novel 5,5-membered bicyclic nitroso acetals
To obtain additional chemical evidence for the structure of 5-membered cyclic nitronate 6 and
to explore its reactivity as a dipole in 1,3-dipolar cycloaddition reactions, this compound was
reacted with several dipolarophiles, Scheme 3.
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Py
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CO2Me
N
O
O
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CO2Me
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N OpMBO
Py N
O
O
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N
Py =
11 c.y. = 67%
9 c.y. = 50%
10 c.y. = 96%6
7
3
8
2
2
2
Scheme 3
After a high-pressure promoted 1,3-dipolar cycloaddition the novel 5,5-membered bicyclic
nitroso acetals 9, 10 and 11 were obtained.6 The cycloaddition with the mono-substituted
dipolarophiles 7 and 3 proceeded with complete regioselectivity. Diastereomeric ratios for 9
(1:12:2), 10 (2:7:1) and 11 (12:2:15:3) were determined by 1H NMR analysis of the crude
reaction mixtures. For compound 9, 10 and 11 the major diastereomer was assigned as arising
from an exo,anti approach of the dipolarophile to the C(2) alkoxy substituent. The anti, exo-
selectivity in the [3 + 2] cycloaddition was high for the mono-substituted alkenes 7 and 3 and
low for the di-substituted dipolarophile 5.7
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At this point, it is also noteworthy that the reaction of 3’-indolyl- and 2’-pyrrolyl-substituted
β-nitroethenes 2b and 2c with enol ether 1, at a pressure of 8 Kbar in acetone, did not result in
the formation of a 5-membered cyclic nitronate. In both cases, the starting compounds were
recovered.
4.2.4 Mechanistic explanation
In order to explain the formation of 5-membered cyclic nitronate 6 the competing electron
stabilizing properties of the 3'-pyridyl and the nitro group have to be considered. The anionic
intermediate formed after a Michael type addition of the enol ether to the α-nitro-carbon is
stabilized by the 3’-pyridyl substituent whereas addition to the β-nitro-carbon results in
formation of an anion stabilized by the nitro substituent.8 Dipolar intermediate I is formed
after attack of the enol ether at the α-position.9 Ring closure of I gives the intermediate II and
after a 1,2 proton-shift the 5-membered cycloadduct 6 is formed, Scheme 4.
pMBO
pMBO+ N
+O O
R
N
OpMBO O
H
R
N+
O O
R
N+
OpMBO O
R
+
I II
6 R=3'-pyridyl
α β
12 R=p-NO2phenyl
2a R=3'-pyridyl
2d R=p-NO2phenyl
Scheme 4
To support this mechanism the reaction of 1-nitro-2-(4-nitrophenyl)ethene (2d) with enol
ether 1 was investigated. Since the electron-withdrawing effect of the 3'-pyridyl group can be
compared with that of a 4-nitro-phenyl group,10 nitroalkene 2d was expected to react with
enol ether 1 via a similar mechanism to form the 5-membered cyclic nitronate 12. Indeed, at a
pressure of 8 Kbar, the reaction afforded compound 12 as the only product, Scheme 4.11
Formation of bicyclic nitroso acetals analogously to 5, in which the excess of nitroalkene
reacted as dipolarophile, was not observed.12
Electron releasing substituents, like 3’-indolyl- and 2’–pyrrolyl- and p-methoxyphenyl-
substituted β-nitroethenes, will not stabilize the negative charge at the β-position and as a
result, they will not favor the formation of the 5-membered cyclic nitronate.
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A summary of the findings is depicted in Scheme 2. The change in the 5:6 ratio from 1:1 at a
pressure of 7 Kbar to 6:1 at a pressure of 15 Kbar in chloroform (table 1, entry c-e) may
suggest that at 15 Kbar formation of the [4 + 2] adduct and the subsequent [3 + 2]
cycloaddition with 2a is faster than the formation of 6.
However, at a pressure of 8 Kbar in acetone formation of the domino [4 + 2]/[3 + 2] adduct 5
seems to be much slower than the formation of 6 as indicated by the 5:6 ratio of 1:8.
Accumulation of 6 at lower pressures may suggest that this compound is the thermodynamic
product, while the [4 + 2] adduct is the kinetic product, which is in equilibrium with the
starting compounds 1 and 2a. It can be then concluded that at lower pressure the [3 + 2]
cycloaddition of 2a with the [4 + 2] adduct is slower than the formation of 6. Isolation of the
intermediate [4 + 2] adduct would make it possible to prove that 5-membered nitronate 6 can
be formed from the 6-membered [4 + 2] adduct under high-pressure conditions.13
Unfortunately, it was not possible to isolate the [4 + 2] adduct from the reaction mixture due
to its high reactivity and low concentration. However, nitronate 6 appeared stable when kept
for 24 h at a pressure of 15 Kbar, which shows that 6 is formed irreversibly. The formation of
the [3 + 2] cycloadduct of 6 and nitroalkene 2a has not been observed at a pressure of 8 Kbar.
This cycloaddition is expected to be much slower than the [3 + 2] cycloaddition of the [4 + 2]
adduct with the nitroalkene 2a due to the extra substituent on C-atom of the dipole 6.
The intriguing solvent and pressure effect is difficult to understand with the current data.
Further investigations are required to obtain a satisfying explanation for these effects.14
4.3 Conclusion
The versatility of the high-pressure promoted domino [4 + 2]/[3 + 2] cycloaddition was
demonstrated by using the heteroaromatic-substituted nitroethenes 2a-c as reactants resulting
in the formation of heteroaromatic-substituted nitroso acetals 5a-b. Simply by variation of the
pressure, it appeared to be possible to generate 6,5-membered bicyclic nitroso acetals 4a-c
and 5,5-membered bicyclic nitroso acetals 9, 10 and 11 using 3-[(E)-2-nitro-1-ethenyl]
pyridine as the building block. The 6,5-membered bicyclic nitroso acetals 4a-c were prepared
in a one-pot three-component reaction at a pressure of 15 Kbar. The novel 5,5-membered
bicyclic nitroso acetals 9, 10 and 11 were prepared by means of a two-step procedure in which
the 5-membered cyclic nitronate 6 (formed at 8 Kbar) is isolated prior to the [3 + 2]
cycloaddition at 10 Kbar, Scheme 3.
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4.4 Experimental Section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-100, a Bruker AC-300 or a Bruker AM-400
spectrometer. Chemical shift values are reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as
an internal standard. The coupling constants (J) are given in Hz. (High resolution) Mass spectra were obtained
with a double focusing VG7070E mass spectrometer. Elemental analyses were carried out on a Carlo Erba
Instruments CHNSO EA 1108 element analyzer. Melting points were determined with a Reichert Thermopan
microscope and are uncorrected. Analytical thin layer chromatography was carried out on Merck precoated silica
gel 60 F254 plates (thickness 0.25 mm). Spots were visualized with UV, I2 or a 6.2% H2SO4 aqueous solution (1
l), containing ammonium molybdate (42 g), and ceric ammonium sulphate (3.6 g), followed by charring. Column
chromatography was carried out using Merck silica gel 60, 0.063-0.200 mm (70-230 mesh). When necessary,
solvents were distilled and dried according to standard procedures. The "piston down" high-pressure apparatus
operating at a pressure range of 1-15 Kbar has been described.15
General procedure for the microwave-assisted nitroalkene synthesis
A mixture of aryl-aldehyde, 5 equiv. nitromethane and 1 equiv. of ammonium acetate was mechanically stirred
and exposed to microwave irradiation for the reported time using a modified microwave oven (Milestone Lavis-
1000 basic) equipped with a condenser operating at 1000 W. After conversion of the aryl-aldehyde exceeded
90% (determined by GC-analysis) the reaction was stopped.
(E)-1-Nitro-2-(3'-pyridyl)ethene (2a)27
Synthesis described in chapter 2.
(E)-1-Nitro-2-(3'-indolyl)ethene (2b)
Synthesis described in chapter 2.
(E)-1-Nitro-2-(2'-pyrrolyl)ethene (2c)
Synthesis described in chapter 2.
(E)-1-Nitro-2-(4-nitrophenyl)ethene (2d)16
Synthesis described in chapter 2.
5-[(4-Methoxybenzyl)oxy-3-(3-pyridylmethyl)-4,5-dihydroisoxazolium-2-olate (6)
0.90 g (6.0 mmol) 2a and 0.27 g (1.7 mmol) 1 were dissolved in acetone in a 7.5 ml Teflon
vessel and placed at a pressure of 8 Kbar. An excess of 2a was used since the compound slowly
polymerizes under high-pressure conditions. After 18h the pressure was released and
precipitates were removed from the reaction mixture by filtration over a glass filter. After
chromatographical purification (EtOAc) 0.24 g (0.75 mmol, 44%) of 6 was isolated as a clear
oil. 1H-NMR (300 MHz, CDCl3): 9.05 (d, J = 1.9, 1H, PyH-2), 8.57 (ddd, J = 1.6, 1.9, 9.0, 2H,
PyH-4,6), 7.37 (m, 1H, PyH-5), 7.19 (m, J = 8.6, 2H, PhH-2,6), 6.88 (m, J = 8.6, 2H, PhH-3,5),
5.51 (dd, J = 2.7, 4.1, 1H, H-5), 4.95 (d, J = 11.4, 1H, H-1), 4.70 (d, J = 11.4, 1H, H-1'), 3.80 (3H, s, OCH3),
3.05 (m, 1H, H-1), 2.76 (m, 1H, H-1'), 2.26 (m, 1H, H-4), 2.11 (m, 1H, H-4'). 13C-NMR (75 MHz, CDCl3):
159.5, 149.5, 147.9, 134.8, 129.9, 128.3, 128.0, 123.0, 119.8, 113.9, 100.6, 70.0, 55.2, 24.9, 20.9. CI-MS: calcd.
for C17H18N2O4: m/z=314, found (rel. int.): 315 (MH+, 44), 299 (31), 284 (22), 255 (13), 240 (22), 205 (27), 179
(18), 138 (44), 121 (100, p-methoxybenzyl cation), 109 (30), 78 (16), 51 (13). HR-MS calcd. for
M+(C17H18N2O4): 314.12666, found 314.12633 ± 0.00063.
Determination of solvent and pressure dependency in high-pressure promoted two-component domino
[4 + 2]/[3 + 2] cycloaddition of 2a and 1
66 mg (0.4 mmol, 4 equiv.) of nitroalkene 2a and 16 mg (0.1 mmol) of enol ether 1 were dissolved in the
prescribed solvent in a 1.5 ml Teflon vessel. The closed tube was placed at the prescribed pressure for 18 h.
After depressurization precipitates were filtered off and the reaction mixture was concentrated in vacuo. The
crude reaction mixtures were analyzed by 1H-NMR (300 MHz, CDCl3). Determination of product ratios 5:6 was
done by integration of the signals of mono-adduct 6 (-OCHO-, 1H) at 5.5 ppm and the set of signals between 6.0
and 6.3 ppm from regio-isomers 5 (5b-exo [6.0 ppm], 5b-endo [6.2 ppm] and 5a [6.3 ppm]), Figure 2.
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Figure 2. Characteristic proton shifts of isomers 7a, 7b-exo, 7b-endo and 8
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The assignments of compounds 5 were made based on previous analysis of the fully characterized regio-isomers
found in the reaction of 1 with β-nitrostyrene described in ref. 2.
General procedure for the synthesis of 5,5-membered bicyclic nitroso acetals
The prescribed amount of mono-adduct 6 and 1.5 equiv. of alkene was dissolved in chloroform in a Teflon
vessel. The closed tube was placed at a pressure of 10 Kbar, RT for 18 h. After depressurization the reaction
mixture was concentrated in vacuo and the products were separated by column chromatography on silica 60
(EtOAc/hexane 1%Et3N).
2-[(4-Methoxybenzyl)oxy]-5-phenyl-3a-(3-pyridylmethyl)perhydroisoxazolo [2,3-b]isoxazole (9)
Prepared according to the general procedure for the synthesis of 5,5-membered bicyclic
nitroso acetals using 30 mg (0.10 mmol) 6 and 22 mg (0.20 mmol) styrene 7. A pressure of
10 Kbar was applied at RT for 36 h. After chromatographical purification (EtOAc/hexane
3/1) 20 mg (0.05 mmol, 50%) 9 was obtained as a mixture of three diastereomers in a
12:2:1 ratio. A second chromatographical purification afforded the major diastereomer in
pure form (clear oil). 1H-NMR (300 MHz, CDCl3): 8.70 (d, J = 2.3, 1H, pyrH-2), 8.50 (dd, J = 1.6, 4.7, 1H, pyH-
6), 7.91 (m, 1H, PyH-4), 7.36 (m, 2H, PhH-3,5), 7.26 (m, 1H, PyH-5), 7.15 (m, 5H, Ph), 6.90 (m, 2H, PhH-3,5),
5.81 (dd, J = 5.6, 9.5, 1H, H-5), 5.12 (t, J = 4.2, 1H, H-2), 5.00 (d, J = 11.4, 1H, H-1), 4.64 (d, J = 11.4, 1H, H-
1'), 3.16 (dd, J = 9.5, 12.3, 1H, H-4'), 3.81 (s, 3H, OCH3), 2.59 (dd, J = 5.6, 12.3, 1H, H-4), 2.31(m, 1H, Py-
CH2), 2.14 (m, 1H, Py-CH2), 1.99 (m, 1H, H-3), 1.73 (m, 1H, H-3'). CI-MS: calcd. for C25H26N2O4: m/z=418,
found (rel. int.): 419 (MH+; 24), 283 (35), 267 (41), 225 (5), 162 (7), 161 (8), 121 (100, p-methoxybenzyl
cation). HR-MS calcd. for MH+(C25H27N2O4): 419.19708, found 419.19717 ± 0.00096.
Methyl 5-[(4-methoxybenzyl)oxy]-3a-(3-pyridylmethyl)perhydroisoxazolo[2,3-b] isoxazole-2-carboxylate
(10)
Prepared according to the general procedure for the synthesis of 5,5-membered
bicyclic nitroso acetals using 118 mg (0.38 mmol) 6 and 53 mg (0.45 mmol) 3. After
chromatographical purification (EtOAc/hexane 4/1) 146 mg (0.37 mmol, 96%) of 10
was obtained as a mixture of three diastereomers in a 7:2:1 ratio (clear oil). The major
diastereomer was isolated after a second chromatographical purification. 1H-NMR
(300 MHz, CDCl3): 8.68 (s (br), 1H, pyrH-2), 8.49 (s (br), 1H, pyrH-6), 7.88 (m, 1H, pyrH-4), 7.35 (d, J = 11.7,
2H, PhH-2,6), 7.25 (m, 1H, pyrH-5), 6.90 (d, J = 11.7, 2H, PhH-3,5), 5.16 (dd, J = 3.4, = 10.3, 1H, H-5), 5.05
(t(br), J = 4.2, 1H, H-2), 4.98 (d, J = 11.3, 1H, H-1), 4.60 (d, J = 11.3, 1H, H-1'), 3.81 (s, 3H, OCH3), 3.48 (s,
3H, OCH3), 3.09 (dd, J = 10.3, 12.6, 1H, H-4'), 2.92 (dd, J = 3.4, 12.6, 1H, H-4), 2.35 (m, 1H, Py-CH2), 2.09 (m,
1H, Py-CH2), 1.95 (m, 1H, H-3), 1.74 (m, 1H, H-3). CI-MS: calcd. for C21H24N2O6 m/z=400, found (rel. int.):
401 (MH+;100), 299 (19), 265 (79), 249 (58), 207 (13), 163 ((12), 138 (16), 122 (17). HR-MS calcd. for
MH+(C21H25N2O6): 401.17126, found 401.17080 ± 0.00060. HR-MS calcd. for M+(C21H24N2O6): 400.16344,
found 400.16318 ± 0.00036.
2-[(4-Methoxybenzyl)oxy]-5-phenyl-3a-(3-pyridylmethyl)perhydroxisoxazolo[2,3-b]pyrrolo[3,4-d]
isoxazole-4,6-dione (11)
Prepared according to the general procedure for the synthesis of 5,5-membered bicyclic
nitroso acetals using 38 mg (0.12 mmol) 6 and 22 mg (0.13 mmol) N-phenyl maleïmide
9. After chromatographical purification (EtOAc) two diastereomers of 11a and 11b were
obtained in respectively 23 mg (0.052 mmol, 40%) and 16 mg (0.03 mmol, 27%) yield.
11a was isolated as a white solid after crystallization from CH2Cl2/hexane m.p.: 155-
159°C.
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1H-NMR (300 MHz, CDCl3): 8.80 (d, J = 2.2, 1H, pyrH-2), 8.57 (d, J = 4.6, 1H, pyrH-6), 7.91 (m, 1H, pyrH-4),
7.49-7.23 (m, 6H, pyrH-5, PhH-2,6, Ph), 6.88 (m, J = 8.5, 2H, PhH-3,5), 6.55 (m, 2H, Ph), 5.61 (d, J = 8.4, 1H,
H-6a), 5.12 (t, J = 3.8, 1H, H-2), 4.92 (d, J = 11.5, 1H, H-1), 4.63 (d, J = 11.5, 1H, H-1'), 4.22 (d, J = 8.4, 1H,
H-3b), 3.80 (s, 3H, OCH3), 2.63 (m, 2H, Py-CH2), 2.07 (m, 1H, H-3), 1.80 (m, 1H, H-3). CI-MS: calcd. for
C27H25N3O6: m/z=487, found (rel. int.): 488 (MH+, 1), 457 (2), 435 (3), 315 (16), 314 (11), 240 (14), 179 (30),
174 (67), 173 (63), 161 (12), 149 (15), 138 (29), 137 (18), 122 (29), 121 (100, p-methoxybenzyl cation), 109
(22), 91 (19), 77 (19), 57 (19), 51 (14); C27H25N3O6 (488), calcd. C 66.52, H 5.17, N 8.62; found C 66.02, H
4.92, N 8.44.
11b (clear oil): 1H-NMR (300 MHz, CDCl3): 8.82 (d, J = 2.1, 1H, pyrH-2), 8.57 (d, J = 4.7, 1H, pyrH-6), 7.90
(m, 1H, pyrH-4), 7.50-7.21 (m, 8H, pyrH-5, PhH-2,6, Ph), 6.88 (m, J = 8.6, 2H, PhH-3,5), 5.13 (d, J = 8.4, 1H,
H-6a), 4.97-4.90 (m, 2H, H-2, H-1), 4.60 (d, J = 11.5, 1H, H-1'), 3.97 (d, J = 8.4, 1H, H-3b), 3.81 (s, 3H,
OCH3), 2.87-2.80 (m, 1H, Py-CH2), 2.24-2.17 (m, 1H, Py-CH2), 1.88-1.76 (m, 2H, H-3). CI-MS: calcd. for
C27H25N3O6: m/z=487, found (rel. int.): 488 (MH+, 31), 457 (2), 391 (13), 316 (38), 315 (43), 314 (34), 299 (28),
191 (19), 179 (100), 156 (9), 138 (7), 121 (90, p-methoxybenzyl cation). HR-MS calcd. for MH+(C27H26N3O6):
488.18216, found 488.18290 ± 0.00074.
5-[(4-Methoxybenzyl)oxy]3-(4-nitrobenzyl)-4,5-dihydroisoxazol-2-ium-2-olate (12)
213 mg (1.1 mmol) 2d and 90 mg (0.55 mmol) 1 reacted in acetone at a pressure of 8 Kbar,
RT for 18 h. After depressurization, the solvent was evaporated and the remaining oil was
dissolved in CDCl3. 1H-NMR analysis showed the characteristic proton signals of the 5-
membered nitronate. Purification of the reaction mixture by silica column chromatography
(EtOAc/heptane 1/1) afforded 55 mg (0.25 mmol, 46%) of 12 as a clear oil. 1H-NMR (300
MHz, CDCl3): 8.24 (d, J = 7.1, 2H, pNO2PhH-2,6), 8.17 (d, J = 7.1, 2H, pNO2PhH-3,5), 7.28
(d, J = 8.6, 2H, PhH-2,6), 6.88 (d, J = 8.6, 2H, PhH-3,5), 5.53 (dd, J = 2.7, 4.2, 1H, H-5), 4.94
(d, J = 11.4, 1H, H-1), 4.69 (d, J = 11.4, 1H, H-1'), 3.79 (s, 3H, OCH3), 3.10-3.01 (m, 1H, Py-
CH2), 2.81-2.71 (m, 1H, Py-CH2), 2.33-2.25 (m, 1H, H-4), 2.15-2.08 (m, 1H, H-4'). 13C-NMR (75 MHz, CDCl3);
δ(ppm): 159.5, 147.1, 137.7, 129.9, 128.2, 120.9, 113.9, 113.8, 100.9, 70.1, 55.2, 25.2, 21.4. CI-MS: calcd. for
C18H18N2O6: m/z=358, found (rel. int.): 359 (MH+, 0.3), 343 (2), 313 (1), 224 (7), 223 (58), 207 (14), 193 (2),
178 (3), 177 (4), 175 (4), 159 (1), 138 (16), 121 (100, p-methoxybenzyl cation). HR-MS calcd. for
MH+(C18H19N2O6): 359.12431, found 359.12415 ± 0.00165.
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Chapter 5
High-Pressure Promoted
Domino [4 + 2]/[4 + 2]/[3 + 2] Cycloaddition
of 2-Methoxy-1,3-Butadiene and β-Nitrostyrene
5.1 Introduction
In chapter 2, it was already demonstrated that the intermolecular one-pot [4 + 2]/[3 + 2]
cycloaddition of enol ethers, nitrostyrenes and electron-rich or electron-poor olefins is
strongly promoted by the use of high-pressures (12-15 Kbar), Scheme 1.1,2,3 The application
R1O
R3
R2 N+
Ar
OO
R4
O
N O
Ar
R3
R1O
R2R4O N+ O
Ar
R3
R1O
R2
+
12-15 Kbar
[4 + 2] [3 + 2]
heterodiene nitronate nitroso acetal
Scheme 1
of high-pressure eliminates the need for stoichiometric amounts of a Lewis acid catalyst,
which has to be separated from the first formed [4 + 2] cycloadduct prior to the [3 + 2]
cycloaddition, as well as the use of large excess of enol ethers and long reaction times (4-20
days).4,5 The enhanced reactivity of electron-poor dipolarophiles (R4=EWG) compared to
electron-rich alkenes (e.g. enol ether) with the in situ formed nitronate ([4 + 2] adduct) in
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combination with the use of high-pressure enabled us to carry out the reaction as a one-pot
three-component cycloaddition.
It was rationalized that an enol ether, which will react according to Scheme 1, may also be
generated in situ by a Diels-Alder reaction of a 2-alkoxybutadiene and a nitroalkene, Scheme
2. A domino [4 + 2]/[4 + 2]/[3 + 2] cycloaddition may now occur assuming complete
R1O R1OR2 R2+
Scheme 2
high-pressure
[4 + 2]
conversion of the reactants in each cycloaddition step and complete chemoselectivity in the
different cycloadditions. Since it was expected that 2-alkoxy-1,3-butadienes react in a
completely regioselective fashion with nitroalkenes, the moderately activated 2-methoxy-1,3-
butadiene (1) was selected for the Diels-Alder reaction. β-Nitrostyrene (2) was chosen since it
can react as dienophile in the Diels-Alder reaction, as well as heterodiene in the inverse Diels-
Alder reaction and as di-substituted dipolarophile in the 1,3 dipolar cycloaddition. In chapter
3, the use of β-nitrostyrene as dipolarophile in the high-pressure promoted domino [4 + 2]/
[3 + 2] cycloaddition was described.6
5.2 Results and discussion
In order to determine the appropriate reaction conditions for the domino [4 + 2]/[4 + 2]/
[3 + 2] cycloaddition this reaction was first performed in a stepwise fashion. Cyclic enol ether
3 was prepared via a high-pressure promoted Diels-Alder reaction from equimolar amounts of
β-nitrostyrene (2) and 2-methoxy-1,3-butadiene (1) using CH2Cl2 as the solvent, Scheme 3.
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The cycloaddition proceeded with complete regio-selectivity and yielded cycloadduct 3 in
72% yield after 18 h at 12 Kbar. It is noteworthy that the formation of nitronate 4 arising from
an inverse electron demand Diels-Alder reaction was not observed, Scheme 3. Next, the
cycloadduct 3 was reacted as enol ether in the high-pressure promoted domino [4 + 2]/[3 + 2]
cycloaddition with 2 equivalents of β-nitrostyrene. When the reaction was carried out at room
temperature (15 Kbar, 18 h) a mixture of nitroso acetals 6 and 7 and nitronate 5 was formed,
Scheme 4. It was possible to isolate and analyse compound 5 after chromatography as the
intermediate nitronate. This was quite surprising since earlier attempts to isolate this
intermediate from two-component domino reactions (see chapter 3 and 4) and three-
component domino reactions (see chapter 2) failed in the case ofof C-3 unsubstituted
nitronates.7 In order to reach complete conversion of cyclohexene 3 at 15 Kbar within 18 h,
the reaction had to be carried out at 50 °C. Compared to the Diels-Alder reaction of 1 and 2,
elevated pressure and temperature were necessary for the domino [4 + 2]/[3 + 2]
cycloaddition, which indicated that this reaction proceeded at lower rate. Since the 1,3 dipolar
cycloaddition did not proceed completely regioselective, both regio-isomers of the tricyclic
nitroso acetals 6 and 7 were formed (ratio 1/4), Scheme 4.8
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After this stepwise formation of the tricyclic nitroso acetals 6 and 7, it was tried to carry out
the domino cycloaddition in a one-pot fashion, Scheme 5. In the presence of 3 equivalents of
β-nitrostyrene (2) the 2-alkoxy-1,3-butadiene (1) was supposed to react in a high-pressure
promoted Diels-Alder reaction. The in situ formed cyclic enol ether 3 should then react in an
inverse electron demand Diels-Alder reaction with a second molecule of β-nitrostyrene to
give the nitronate 5, which subsequently should react with a third molecule of β-nitrostyrene
in a 1,3 dipolar cycloaddition to afford the nitroso acetals 6 and 7, Scheme 5.9
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At 15 Kbar and 50 °C the conversion of the starting compounds was found to be complete
within 18 h.10 1H-NMR analysis of the crude reaction mixture showed the formation of 3
products with H-2 doublets at 6.32, 5.93 and 6.46 ppm, respectively, in a ratio of 1/1/3. These
signals were assigned to the diastereomeric compounds 6, 7a and 7b, Scheme 6.
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Similar to earlier observations (see chapter 3), a base catalyzed intramolecular rearrangement
of regio-isomer 6 took place resulting in the formation of tricyclic β-lactam 8, Scheme 7.6
Regio-isomer 7b gave epimerization at the C-3 position after base treatment, yielding
compound 7c while diastereomer 7a appeared base stable, Scheme 7.
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After chromatographical purification β-lactam 8 and the domino-adducts 7a and 7c could be
isolated in an overall yield of 78% and a ratio of 1:4 (8:7a,7c). Similar to the β-lactams
described in chapter 3, the characteristic upfield shift (6.55 ppm, broad singlet) of two ortho-
phenyl protons of the phenyl group at C-9 was observed for β-lactam 8. Nitroso acetal 7a can
be explained to arise from a completely endo-selective [4 + 2] cycloaddition and an exo,anti-
selective [3 + 2] cycloaddition (anti with respect to the C-4 phenyl-group). Nitroso acetal 7b
arises from a completely endo-selective [4 + 2] cycloaddition and an endo, anti-selective [3 +
2] cycloaddition (anti with respect to the C-4 phenyl-group). X-ray analysis of the tricyclic
nitroso acetal 7a unambiguously confirmed the regio- and stereochemistry, determined for
this compound with the help of 1H-NMR-analysis, Figure 1.
Figure 1. PLUTON11 drawing of the X-ray structure of compound 7a
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X-ray analysis clearly showed the cup-shape conformation of the molecule. The epimerization
of nitroso acetal 7b at the C-3 position gives nitroso acetal 7c in which all major groups point
outward from the steric crowded cavity. Interestingly epimerization at C-6 was not observed.
Remarkably, the regio-selectivity observed in the [3 + 2] cycloaddition (6/7(a,b) = 1/4) is
opposite to the regio-selectivity observed in the domino [4 + 2]/[3 + 2] cycloaddition of 1-
methoxy-1-cyclohexene and 2 equiv. β-nitrostyrene 2 (7/3), see in chapter 3.6 Apparently, the
regio-chemical control of the [3 + 2] cycloaddition is affected by the ring substituents of enol
ether 3 (see also chapter 2).
5.3 Conclusion
The domino [4 + 2]/[4 + 2]/[3 + 2] cycloaddition has shown to be a promising example of a
multi-component reaction which has a high potential in creating multi cyclic compounds with
a high degree of substituent diversity. This reaction might be useful in the growing field of
solid-phase synthesis for combinatorial chemistry purposes where multi-component reactions
are considered advantageous because of the high efficiency in introducing a variety of
substituents in only one or two steps.12 Further exploration of this reaction concerning the use
of other dipolarophiles, substituted dienes and heterodienes both in solution and on a solid
support is necessary in order to prove the general applicability of this high-pressure promoted
domino [4 + 2]/[4 + 2]/[3 + 2] cycloaddition.
5.4 Experimental Section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-100, a Bruker AC-300 or a Bruker AM-400
spectrometer. Chemical shift values are reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as
an internal standard. The coupling constants (J) are given in Hz. High resolution) Mass spectra were obtained
with a double focusing VG7070E mass spectrometer. Elemental analyses were carried out on a Carlo Erba
Instruments CHNSO EA 1108 element analyzer. Melting points were determined with a Reichert Thermopan
microscope and are uncorrected. Analytical thin layer chromatography was carried out on Merck precoated silica
gel 60 F254 plates (thickness 0.25 mm). Spots were visualized with UV, I2 or a 6.2% H2SO4 aqueous solution (1
l), containing ammonium molybdate (42 g), and ceric ammonium sulphate (3.6 g), followed by charring. Column
chromatography was carried out using Merck silica gel 60, 0.063-0.200 mm (70-230 mesh). When necessary,
solvents were distilled and dried according to standard procedures. The "piston down" high-pressure apparatus
operating at a pressure range of 1-15 Kbar has been described.13
2-Methoxy-1,3-butadiene (1) Prepared according to method described in ref.13 and 14.
β-Nitrostyrene (2) Prepared according to the method described in ref.15
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1-Methoxy-4-nitro-5-phenyl-1-cyclohexene (3)
The Diels-Alder was carried out with 195 mg (2.3 mmol) of 2-methoxy-1,3-butadiene 1 and
355 mg (2.4 mmol) of 2 in a 7.5 ml Teflon vessel using CH2Cl2 as the solvent at 12 Kbar, RT
for 18 h. 1H-NMR showed a complete conversion of starting material. Trituration of the crude
reaction mixture with methanol and further crystallization of the mother liquor in
CH2Cl2/MeOH afforded 390 mg (1.7 mmol, 72%) of 3 as a white solid compound. M.p. 81-82 °C. 1H-NMR (300
MHz, CDCl3): 7.35 (5H, m, Ph), 4.94-4.85(1H, m, H-4), 4.62 (1H, bs, H-2), 3.55 (3H, s, OCH3), 3.53 (1H, m, H-
5), 2.84-2.74 (2H, m, H-3), 2.52 (2H, d(br), J =7.6, H-6). 1H-NMR decoupling experiments showed that C-1 and
C-5 are separated by one methylene group.
Reaction of (2) and (3) 300 mg (1.3 mmol) of 3 and 740 mg (5.0 mmol) of 2 were placed in a 7.5 ml Teflon
vessel at 15 Kbar at 50 °C for 18 h using CH2Cl2 as the solvent. According to 1H-NMR, three domino-adducts 6,
7a and 7b were formed, indicated by three H-2 peaks at 6.32 ppm, 5.93 ppm and at 6.46 ppm. The reaction
mixture was not purified.
8a-Methoxy-6-nitro-4,7-diphenyl-4a,5,6,7,8,8a-hexahydro-4H-1,2-benzoxazin-2-ium-2-olate (5)
Isolated as a stable intermediate from the crude reaction mixture in the synthesis of 6 and 7
after column chromatography on silica gel. M.p.: 128-131 °C (dec.), 1H-NMR (300 MHz,
CDCl3): 7.67 (1H, d, J =2.6, H-3), 7.36-7.18 (10H, m, Ph), 4.81 (1H, dt, J =14.5, 2.3, H-6),
3.56 (1H, dt, J =14.2, 2.7, H-7), 3.17 (3H, s, OCH3), 3.11 (1H, d, J =3.1, H-4), 2.64 (1H,
dd, J =14.1, 9.8, H-5), 2.52 (3H, m, H-4a, H-8, H-8'), 1.72 (1H, t, J =13.7, H-5'). HR-
EIMS: calcd for M+-16 (C21H22N2O4): 366.1580 found 366.1581 ± 0.0014.
8a-Methoxy-3,6-dinitro-2,4,7-triphenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine (7a, 7c)
496 mg (5.9 mmol) of 1 and 3.55 g (23.8 mmol) of 2 were placed in a 15 ml Teflon vessel at 15 Kbar at 50 °C
for 18 h using CH2Cl2 as the solvent. Complete and clean conversion of 1 was observed (1H-NMR). After
determination of the product ratio from the NMR of the crude reaction mixture 1 ml of Et3N was added to the
crude reaction mixture and the mixture was stirred for 10 min. Chromatographical purification on silica 60
(hexane/EtOAc 9:1, 1% Et3N) yielded 2.41 g (4.6 mmol, 78%) of 7a, 7c and 8 as white solid compounds.
Nitroso acetal 7a: m.p.: 198 °C, 1H-NMR (300 MHz, CDCl3): 7.48-7.15 (15H, m, Ph), 5.93 (1H, d, J = 6.5, H-
2), 5.52 (1H, dd, J = 6.7, 8.4, H-3), 5.00 (1H, dt, J = 3.6, 11.1, H-6), 4.54 (1H, dd, J =
4.8, 8.5, H-3a), 3.36 (1H, m, H-7), 3.22 (3H, s, OCH3), 3.13 (1H, dd, J = 4.9, 7.8, H-4),
2.52-2.43 (1H, m, H-4a), 2.33 (1H, dd, J = 7.6, 14.6, H-8), 2.28-2.20 (1H, m, H-5), 2.00-
1.88 (2H, m, H-8', H-5'). HR-EIMS: calcd for M+-NO2 (C29H19N2O5): 485.2076 found
485.2082 ± 0.0019. C29H29N3O7 calcd. C 65.53, H 5.50, N 7.90; found C 65.71, H 5.67,
N 7.69.
Crystal data and structure refinement for compound 7a.
Crystal colour transparent colourless
Crystal shape rather regular fragment
Crystal size 0.26 x 0.22 x 0.16 mm
Empirical formula C29H29N3O7
Formula weight 531.55
Temperature 208(2) K
Radiation / Wavelength CuKα (graphite mon.) / 1.54184 Å
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a, α= 8.1545(2) Å, 90°
(25 reflections 25.216<θ<34.637) b, β= 22.4097(9) Å, 98.160(7)°
c, γ= 14.6603(6) Å, 90°
Volume 2651.90(16) Å 3
Z, Calculated density 4, 1.331 Mg/m3
Absorption coefficient 0.795 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 1120
θ range for data collection 3.63 to 69.92°
Index ranges 0 ≤ h ≤ 9, 0 ≤ k ≤ 27, -17 ≤ l ≤ 17
Reflections collected / unique 5349 / 4983 [R(int) = 0.0285]
Reflections observed 3069 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
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Range of relat. transm. factors 1.161 and 0.812
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 4983 / 0 / 353
Goodness-of-fit on F2 1.059
SHELXL-97 weight parameters 0.082300 0.634200
Final R indices [I>2σ(I)] R1 = 0.0620, wR2 = 0.1496
R indices (all data) R1 = 0.1030, wR2 = 0.1736
Largest diff. peak and hole 0.307 and -0.337 e. Å -3
Nitroso acetal 7c: m.p.: 184-186 °C, 1H-NMR (300 MHz, CDCl3): 7.44-7.22 (15H, m, Ph), 6.16 (1H, d, J = 7.6,
H-2), 5.42 (1H, dd, J = 4.8, 7.6, H-3), 4.98 (1H, dd, J = 4.8, 8.6, H-3a), 4.57 (1H, dt, J
= 3.9, 12.0, H-6), 3.53 (3H, s, OCH3), 3.33-3.21 (1H, m, H-7), 3.06 (1H, dd, J = 8.6,
13.2, H-4), 3.02-2.86 (1H, m, H-4a), 2.42-2.27 (2H, m, H-8, H-5), 1.90 (1H, dd, J =
1.1, 13.9, H-5'), 1.81-1.75 (1H, m, H-8'). HR-EIMS: calcd for M+ (C29H29N3O7):
531.2006 found 531.2004 ± 0.0020. C29H29N3O7 calcd. C 65.53, H 5.50, N 7.90; found
C 65.81, H 5.55, N 7.79.
4a-Methoxy-7-nitro-1,6,9-triphenylperhydroazeto[1,2-b]benzo[e][1,2]oxazin-2-one (8)
M.p.: 162-163 °C; 1H-NMR (300 MHz, CDCl3): 7.49-7.14 (13H, m, Ph), 6.55 (2H, bs,
Ph), 4.60 (1H, dt, J = 3.5, 6.0, H-7), 4.54 (1H, d, J = 4.7, H-1), 4.14 (1H, dd, J = 4.8, 9.0,
H-9a), 3.60 (3H, s, OCH3), 3.55-3.42 (1H, m, H-6), 2.68 (1H, dd, J = 9.0, 12.0, H-9),
2.51-2.38 (3H, m, H-5, H-5', H-8a), 2.22 (1H, dt, J = 6.0, 12.0, H-8), 1.65 (1H, m, H-8').
HR-EIMS: calcd for M+ (C29H28N2O5): 484.1998 found 484.1995 ± 0.0019.
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Chapter 6
Synthesis of Novel Pyrrolidine and
2-hydroxy-Pyrrolizidinone Derivatives
by Reduction of Bi- and Tricyclic Nitroso Acetals
6.1 Introduction
Nitroso acetals have proven to be valuable precursors in the synthesis of the pyrrolidine,
pyrrolizidinone and pyrrolizidine skeleton, Scheme 1.1,2 Because of their highly diverse
O
N OR
1O
R2
N
O
OH
N
OH
N
OH Ph
2-hydroxy pyrrolizidinone 2-hydroxy pyrrolizidine
LiAlH4.THF
nitroso acetal
H2/Raney Ni
Scheme 1. The Pyrrolidine, 2-hydroxy Pyrrolizidinone and 2-hydroxy Pyrrolizidine skeleton
pyrrolidine
R2=Ph
R2=CO2Me
H2/Raney Ni
H
biological activities the pyrrolidine pyrrolizidinone and pyrrolizidine classes of alkaloids can
be considered as interesting lead structures for library synthesis in pharmaceutical research.
For example, certain classes of pyrrolidines are effective antibacterial agents,2 anti-
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inflammatory agents (treatment of asthma, arthritis, psoriasis)3 or act as potent venom4 and
neuroexcititory agents like (-) nicotine, Figure 1.5,6
OH
N
CH2OHOH
OH
HN
N
CH3
Figure 1. (-)Nicotine and (+)Australine
(+) Australine(-) nicotine
Some pyrrolizidinones have shown amnesia-reversal activity (Alzheimer’s related disease) 7
while several pyrrolizidines such as Australine, have shown viral and retroviral suppression
characteristics (including against HIV) as well as glycosidase inhibitory properties.6c, 8
Furthermore, it has been reported that pyrrolizidines play a role as pheromones in host plant
recognition processes.9
Most syntheses of the bicyclic compounds, depicted in Figure 1, are based on cyclization of
the pyrrolidine skeleton. In the numerous methods described for pyrrolidine synthesis one can
distinguish two major categories: (1) the synthesis in which the pyrrolidine ring is used as a
template for further substitutions and (2) the synthesis in which the pyrrolidine ring is
constructed.2 Most synthesis in the first category yield 2- and 2,5-disubstituted pyrrolidines,
whereas the second approach is more versatile and allows access to higher substituted
pyrrolidines. The most widely used method in this approach is the [3 + 2] cycloaddition of
azomethine ylides with substituted olefins.10 Other pericyclic reactions include: enolate
Claisen rearrangements of azalactones,11 ene reactions,12 domino aza-Cope/Mannich
reactions13 and even Diels-Alder reactions.14 Pericyclic reactions are often desirable, since
they can be highly stereoselective providing optically active pyrrolidines. Another common
strategy is the use of cyclization reactions such as intramolecular N-alkylation,15
intramolecular nucleophilic addition of amides to alkynes,16 allenes17 and epoxides18 or
electrophilically initiated cycloamidation reactions.19 Finally, Meyers' multistep approach to
pyrrolidine synthesis employing easily available chiral bicyclic lactams is useful for the
generation of optically active 2- and 3-substituted pyrrolidines.20
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Despite the numerous methods already described for pyrrolidine synthesis, the importance of
this class of compounds continues to stimulate much activity. Noticeably absent are general
methods that allow for substitution at the 3- and/or 4-position.
In chapter 2, the high-pressure promoted synthesis of nitroso acetals was described, which
allowed the introduction of substituents at all positions of the skeleton. In this chapter, the
heterogeneous and homogeneous reduction of some of these nitroso acetals is presented,
which resulted in the formation of 3- or 4-substituted pyrrolidines and 6-, 7- or 7a- substituted
2-hydroxy-pyrrolizidinones, Scheme 2.21
6.2 Results and Discussion
6.2.1 Heterogeneous reduction
Raney nickel has proven to be a good catalyst for the cleavage of N,O-bonds in nitroso acetals
leading to the formation of pyrrolidines and 2-hydroxy-lactams.1b,22 A stepwise depiction of
the transformations during the reduction is summarized in Scheme 2. Notably, the C-2
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substituent in the nitroso acetal was decisive for the formation of a pyrrolidine or a 2-hydroxy
pyrrolizidinone skeleton. Denmark and co-workers have given a thorough discussion of the
transformations, which were found to be pressure and solvent dependent. 1b
In our case, the 2-phenyl substituted nitroso acetals 1 (see chapter 2) yielded pyrrolidine
derivatives 5 after a Raney nickel reduction, Scheme 2. First, both N,O- bonds are
hydrogenated after which the hemi-acetal intermediate 2 hydrolyses to give the aldehyde 3.
Then imine formation takes place and under Raney nickel conditions, the imine 4 is reduced
to the pyrrolidine 5. The 2-methylester substituted nitroso acetals 6 yielded pyrrolizidinone
derivatives 8. Now the N,O-bond reduction yields pyrrolidine 7, which in a subsequent
intramolecular lactam formation produces 2-hydroxy-pyrrolizidinone derivative 8 with release
of alcohol.
A summary of the reductions of the different nitroso acetals that were carried out following
scheme 2 is given in Table 1.
O
N OpMBO
Ar
Ph
R1 R2
N
H
Ar
OH
Ph
R1 R2
Ar R1
H
H
CH3
CH3
5a
5b
5c
5d
Ph
Pyridyl
Ph
Pyrrolyl
Raney Ni
50 atm H2
c.y.(%)
96
44
95
47
1
2
3
4
entry productnitroso acetal
1a
1b
1c
1d
Table 1. Preparation of 3-aryl-pyrrolidines 5a-e
CH3 5ePh 955 1e
R2
H
H
H
H
CO2Me
1a-e 5a-e
2
34
3a5
6
Nitroso acetals substituted with a C-4 phenyl group produced the pyrrolidines 5 in almost
quantitative yields (entry 1 and 3). The relative configuration of one of the diastereomers of
pyrrolidine 5a was established by X-ray analysis, Figure 2.
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Figure 2. PLUTON23 drawing of the X-ray structure of compound 5a (HCl-salt; left) and a
depiction of its spatial orientation around the chlorine atoms (right)
Nitroso acetals substituted with a C-4 heteroaryl group produced the heteroaryl substituted
pyrrolidines 5b and 5d (entry 2 and 4) in much lower yields. After the reduction of the pyridyl
substituted nitroso acetal (entry 2) 80% of p-methoxybenzyl alcohol was recovered and
several side-products were isolated after chromatographical purification. 1H-NMR analysis of
the side products pointed to a transacetalization in methanol of starting compound 1b to
product i, Figure 3.
O
N O Ph
MeO
N
O
N O Ph
pMBO
N
N O Ph
O
N
Figure 3. Proposed side-products i, ii, and iii after Raney nickel reduction
i ii iii
2
33a5
6
3a 3a
H
Furthermore, the formation of compound ii and iii suggests a ring opening of the 5-membered
or 6-membered ring of 1b via proton abstraction at C-3a by the basic Raney nickel. Another
reason for the low yield of pyrrolidine 5b might be found in the coordinative properties of
pyridine as a ligand to the Raney nickel complex. The coordination of the formed pyrrolidine
5b to the catalyst might cause deactivation of the latter and as a consequence lead to the
formation of side-products. Finally, it was demonstrated that (methyl ester) substitution at the
C-3 position of nitroso acetal 1e was allowed and resulted in the formation of pyrrolidine 5e
in high yield (entry 5). 24
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Reduction of the 2-methylester-substituted nitroso acetals 6a-i produced the 2-hydroxy-
pyrrolizidinones 8a-i in moderate to excellent yields, Table 2. The phenyl and dihydroxy-
phenyl substituted nitroso acetals (entry 1 and 5) afforded the bicyclic 2-hydroxy-
pyrrolizidinones 8a and 8e in good to high yields, whereas the heteroaryl substituted nitroso
acetals (entry 2, 3 and 4) produced the 2-hydroxy-pyrrolizidinones in lower yields. The
O
N OR1O CO2Me
Ar
R3
R2
N
Ar
O
OH
R3R2
Table 2. Preparation of 2-hydroxy-pyrrolizidinones 8a-i
Ar R3
H
H
H
H
H
CH3
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8e
8f
Ph
Pyrrolyl
Pyridyl
Indolyl
dihydroxy-phenyl
Ph
Raney Ni
50 atm H2
c.y. (%)
95
64
38
52
74
78
1
2
3
4
5
6
entry productnitroso acetal
6a
6b
6c
6d
6e
6f
R1
p-MeOPh
p-MeOPh
p-MeOPh
p-MeOPh
p-MeOPh
p-MeOPh
R2
H
H
H
H
H
CH3
H
H
CH3
8g
8h
8i
Ph
Ph
Ph
88
64
71
7
8
9
6g
6h
6i
-CH2CH2-
-CH2CH2CH2-
-CH2CH2-
6a-i 8a-i
6
2
pyridyl substituted 2-hydroxy-pyrrolizidinone 8c (entry 3) was formed in the lowest yield
(38%), although complete disappearance of the starting compound was observed. Circa 80%
of p-methoxybenzyl alcohol was recovered after chromatographical purification together with
some unidentified intermediates. In addition, the pyrrolyl and indolyl substituted pyrrolidines
and 2-hydroxy-pyrrolizidinones 6b and 6d were formed in significant lower yields than the
phenyl-substituted analogues. Possibly, the basic nitrogen had an effect on one or more
reactions in the reduction cascade.25
The tricyclic nitroso acetals obtained from the cycloaddition with dihydrofuran (entry 7 and 9)
and dihydropyran (entry 8) were reduced with Raney nickel in good yields producing the 6-
alkoxy substituted 2-hydroxy-pyrrolizidinone derivatives 8g, 8h, 8i, Table 2.
Nitroso acetal 9 yielded after Raney nickel reduction a novel class of tricyclic 2-hydroxy-
pyrrolizidinones, Scheme 3.
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Product 10 was obtained as a mixture of diastereomers in 73% yield and one of the
diastereomers was crystallized and analyzed by X-ray diffraction, Figure 4.
Figure 4. PLUTON23 drawing of the X-ray structure of compound 10b (left) and its
hydrogen bounded dimer (right)
The relative configuration of diastereomer 10b showed a trans relation of the groups at C4a
and C8a, and a trans H8a-H9 relation as depicted in Figure 5. The starting compound 9 was
O
N O
OSiMe3
Ph
H
CO2Me
H
O
N O
OSiMe3
Ph
H
CO2Me
H
O
N O
OMe
Ph
CO2Me
H
Figure 5. Relative configuration of tricyclic nitroso acetals 9, 11a and 11b
11a ("exo") reduced 11b ("endo") unreactive9 (endo) reduced
8a
9
4a
8a
9
4a
assumed to have a cis relation of the groups at C4a and C8a since it was formed from an endo
selective hetero Diels-Alder cycloaddition in the high-pressure promoted domino [4 + 2]/
[3 + 2] cycloaddition (see chapter 2).
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Seebach and co-workers have reported the synthesis of comparable tricyclic nitroso acetals
11a and 11b. 1a After a stepwise Lewis acid catalyzed addition of 1-trimethylsilyloxy
cyclohexene to β-nitrostyrene the major adduct was formed in 65%; it showed a trans relation
between the groups at C4a and C8a and the groups at C8a and C-9 (exo [4 + 2] adduct). The
minor diastereomer (11%) showed a trans relation between the groups at C4a and C8a and a
cis relation between the groups at C8a and C-9 (endo [4 + 2] adduct). Subsequent [3 + 2]
cycloaddition of the nitronates (endo and exo adduct) with methyl acrylate led to the
formation of nitroso acetals 11a (89%) and 11b (96%), Figure 5. Nitroso acetal 11a was
reduced to the desired tricyclic 2-hydroxy-pyrrolizidinone whereas the other diastereomer 11b
with a trans H8a-H9 relation, like in nitroso acetal 9, appeared completely unreactive under
Raney nickel conditions, Figure 5. This remarkable difference in reactivity for nitroso acetal
9, 11a and 11b towards Raney nickel reduction might be due to the differences in the relation
of the groups at C4a and C8a in combination with the H8a-H9 relations. The cis relation
between the two bridgehead groups (at C4a and C8a) in the starting compound 9 apparently is
crucial for the success of the N,O- reduction of nitroso acetals with a trans H8a-H9 relation.
Although Raney nickel has been successfully applied for the reduction of the nitroso acetals
described in this chapter, other groups have reported that the N,O- reduction with Raney
nickel is not always effective. For example, Avalos and co-workers observed that the nitroso
acetals 12a-c, bearing a protected sugar moiety, either decomposed or were unreactive during
hydrogenolysis, Figure 6. 26
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Figure 6. Reduction of nitroso acetal 12 and 13
Denmark and co-workers reported difficulties with the hydrogenolysis of the N, O-bond in
tetrahydrooxazine 13. Palladium metal, platinum(II) hydroxide and Raney nickel failed to
effect any N,O-bond cleavage, Figure 6. Reductive methods other than hydrogenation, such as
aluminum amalgam, titanium trichloride and zinc in acetic acid also failed to have any
effect.27
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6.2.2 Homogeneous reduction
Since it was intended to carry out the reductions on a solid support (see chapter 7), Raney
nickel was expected to be an unsuitable catalyst. The combination of an insoluble resin-bound
reactant and a heterogeneous catalyst such as Raney nickel would probably lead to an
unreactive system. Furthermore, most heterogeneous reduction methods are carried out in
polar solvents in which polystyrene based resins in general do not swell. For these reasons
several homogeneous catalysts were selected and their capacity to reduce nitroso acetal 1c
was examined. Several hydride donors such as LiAlH4, NaBH4, LiBH4, NaBH(OMe)3,
NaBH(OAc)3 and NaCNBH3 showed no reactivity towards nitroso acetal 1c, which was
completely recovered after 24 h at RT, Figure 7.
O
N OpMBO Ph
Ph
O
NH OHpMBO Ph
Ph
1c 14
Figure 7. Nitroso acetal 1c and reduction product 14
The use of BH3.Me2S (THF, RT, 18h) was more successful and resulted in selective N,O-
bond reduction of the 5-membered ring affording the oxazinan derivative 14. Finally, with
Wilkinson's catalyst [RhCl2((P(Ph)3)2] complete N,O-bond reduction was achieved yielding
pyrrolidine 5c, Scheme 4.
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N OpMBO Ph
Ph
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NH OH
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RPh
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N OpMBO
Ph
CO2Me
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Scheme 4
Wilk. cat. = Rh(I)(P(Ph)3)3Cl
Wilk. cat.
40 atm. H2 , 120°C
5a R = H; 71%
5c R = CH3; 74%
8f R = CH3; 68%6f
1a R = H
1c R = CH3
Wilk. cat.
40 atm. H2 , 120°C
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The reduction of nitroso acetals 1a and 1c to pyrrolidine 5a and 5c went to completion within
48 h (toluene 120 °C, 40 bar hydrogen pressure). Under similar reaction conditions nitroso
acetal 6f was reduced to yield 2- hydroxy lactam 8f. Removal of the partial degraded catalyst
by several chromatographical purifications resulted in a significant loss of product and thus in
a lower the yield of 5a, 5c and 8f.
In order to obtain the desired pyrrolidines from the resin-bound nitroso acetal 16 and to avoid
the high temperature and long reaction time necessary for the reduction when using
Wilkinson's catalyst, some preliminary experiments with SmI2 were performed. SmI2 is a
reagent, which can be used for numerous transformations including the reduction of nitro
groups.28 The reduction reaction has been reported to be a radical based process in which
Sm2+ is reduced to Sm3+. The reaction has to be carried out under oxygen free conditions.
Initial attempts to reduce nitroso acetal 1c with SmI2 resulted in the fast but not selective
conversion of the starting compound 1c at RT. Three compounds were isolated in low yield
(7%) from the crude reaction mixture and were identified as 14, 15 and 16, Scheme 5.
Oxazinan derivative 14, in which one N,O-bond was reduced, was isolated from the reaction
mixture, although SmI2 was used in excess (6-8 equiv.). The use of a larger excess of SmI2
resulted in the formation of a more complex product mixture. In the presence of water
(H2O/THF (1/1)), which is known to sometimes enhance the reducing power of SmI2,29 no
reaction took place. After workup, starting compound 1c was almost completely recovered. It
O
N OpMBO
Ph
Ph NH
Ph
O
OH
Ph
O
NH OHpMBO
Ph
Ph
N
H
O
Ph
PhSmI2. THF
14 15 161c
Scheme 5
+ +
is clear from these preliminary experiments that further investigations concerning the SmI2
reduction are necessary.
In order to demonstrate the accessibility of 2-hydroxy-pyrrolizidine derivatives from the 2-
hydroxy-pyrrolizidinone derivatives described above by further reduction of the skeleton, it
was tried to reduce pyrrolizidinone 8f to its corresponding pyrrolizidine derivative. Following
a literature procedure 2-hydroxy-pyrrolizidinone 8f was reduced with borane in THF at 0 °C
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to produce pyrrolizidines 17 in 88% yield, Scheme 6.30 This shows that via the synthesis of
new functionalized nitroso acetals an easy route towards novel functionalized pyrrolizidines is
opened.
N
O
OHPh
N
OHPhBH3.THF
8f 17
Scheme 6
6.3 Conclusion
Nitroso acetals 1a-e and 6a-i have been reduced to several classes of N-containing cyclic
compounds such as pyrrolidines and 2-hydroxy-pyrrolizidinones. The Raney nickel catalyzed
reduction appeared also suitable for the reduction of heteroaryl substituted nitroso acetals
although yields of the heteroaryl substituted pyrrolidines and heteroaryl substituted 2-
hydroxy-pyrrolizidinones were significantly lower (38-64%) compared to their phenyl
substituted analogues.
In view of the solid-phase synthesis of these pharmaceutically interesting compounds, the
homogeneous reduction of nitroso acetals 1a, 1c and 6f was investigated. Hydride donors
such as LiAlH4 and several borohydrides (NaBH4, LiBH4, NaBH(OMe)3, NaBH(OAc)3 and
NaCNBH3) appeared to be unreactive, while BH3.Me2S in THF selectively reduced the N,O-
bond in the 5-membered ring of the nitroso acetal, yielding compound 14. Application of
Wilkinson's catalyst RhCl2((P(Ph)3)2 resulted in the complete reduction of the nitroso acetals
1a, 1c and 6f to the desired pyrrolidine and 2-hydroxy-pyrrolizidinone derivatives (at 90-120
°C and 40 atm. H2). To investigate the reduction of nitroso acetals under milder conditions,
which is more appropriate for solid-phase synthesis, some preliminary experiments with SmI2
were performed. SmI2 reacted readily at room temperature with nitroso acetal 1c but product
formation was not selective.
The reduction of 2-hydroxy-lactam 8f with borane in THF to 2-hydroxy-pyrrolizidine 17 has
opened an easy route to novel functionalized 2-hydroxy-pyrrolizidines.
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6.4 Experimental section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-100, a Bruker AC-300 or a Bruker AM-400
spectrometer. Chemical shift values are reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as
an internal standard. The coupling constants (J) are given in Hz. Gas chromatography was performed on a
Hewlett Packard 5710A GC-instrument equipped with a capillary HP cross-linked methyl silicone (25m x 0.31
mm) column. (High resolution) Mass spectra were obtained with a double focusing VG7070E mass
spectrometer. GC-MS analysis was carried out on a Varian Saturn II GC/MS by on-column injection (DB-1
column, length 30 m, internal diameter 0.25 mm, film thickness 0.25 µm. Elemental analyses were carried out on
a Carlo Erba Instruments CHNSO EA 1108 element analyzer. Melting points were determined with a Reichert
Thermopan microscope and are uncorrected. Analytical thin layer chromatography was carried out on Merck
precoated silica gel 60 F254 plates (thickness 0.25 mm). Spots were visualized with UV, I2 or a 6.2% H2SO4
aqueous solution (1 l), containing ammonium molybdate (42 g), and ceric ammonium sulphate (3.6 g), followed
by charring. Column chromatography was carried out using Merck silica gel 60, 0.063-0.200 mm (70-230 mesh).
When necessary, solvents were distilled and dried according to standard procedures. The "piston down" high-
pressure apparatus operating at a pressure range of 1-15 Kbar has been described.31
General procedure for the Raney nickel catalyzed reduction of nitroso acetals 1
1.0 mmol nitroso acetal was dissolved in 3 ml CH2Cl2 and 25 ml of MeOH. About 1 g of Raney nickel (wet,
stored under water) was added and the reaction mixture was stirred in a stainless steel autoclave for 24 h at 50
atm. H2 pressure. After depressurization and evaporation of the solvent, the crude reaction mixture was filtered
over hyflo, which was first rinsed with MeOH to remove impurities. The solvents were evaporated and 25 ml of
H2O was added. The aqueous mixture was extracted with CHCl3 (3x 25 ml) and the solvent was evaporated to
dryness.
Drying of the compounds with MgSO4 or Na2SO4 should be avoided since it makes NMR-analysis impossible
(very broad signals) probably due to complexation of Na+ or Mg2+ ions with the products.
General procedure for the hydrogenation of nitroso acetals 1 with Wilkinson's catalyst
To a solution of the prescribed amount of nitroso-acetal in 10 ml CH2Cl2, a catalytic amount of Wilkinson's
catalyst and 40 ml of toluene were added. The solution was stirred for 48 hours at 120 °C under 40 atmosphere
of hydrogen pressure. The mixture was concentrated in vacuo. The residue was purified by silica gel column
chromatography using hexane/EtOAc (1:1) and then CHCl3/MeOH 95:5) as eluent. After evaporation of the
solvent, the product was crystallized from CH2Cl2/MeOH or CH2Cl2/hexane.
1-Phenyl-2-(3-phenyltetrahydro-1H-2-pyrrolyl)-1-ethanol (5a)
Heterogeneous reduction of 1a
The general procedure for the Raney nickel reduction was followed with 200 mg (0.48 mmol)
of nitroso acetal 1a. A mixture of two diastereomers was obtained and after column
chromatography (silica 60, CHCl3/MeOH 95:5) and crystallization (MeOH/hexane) 123 mg
(0.47 mmol, 96%) of 5a was obtained. 98% of p-methoxybenzyl alcohol was recovered.
5a(i): white solid, m.p.: 81-83 °C. 1H-NMR (300 MHz, (CD3)2SO, 297 K): 7.38-7.20 (10H, m, Ph), 5.06 (1H, dd,
J = 3.0, 9.6, CHOH, shifts to 4.81 at 313K), 3.54 (1H, dt, J = 2.5, 10.4, -CHNH-), 3.48-3.40 (2H, m, CH2NH-),
3.15 (1H, dt, J = 3.4, 10.6, CHPhCHNH), 2.44 (1H, m, -CH2CH2NH-), 2.20-1.99 (3H, m, -CH2CH2NH-, -
CH2CHOH).
5a(ii): white solid, m.p.: 82-84 °C. 1H-NMR (300 MHz, CD2Cl2/(CD3)2SO): 7.07-6.60 (10H, m, Ph), 4.68 (1H,
dd, J = 2.4, 10.3, -CHOH), 3.48 (1H, dt, J = 2.5, 11.0, -CHPhCHNH-), 3.17 (2H, m, -CH2NH), 2.95 (1H, m, -
CHPhCHNH-), 2.10 (1H, m, -CH2CH2NH), 1.85 (2H, m, -CH2CH2NH, -CH2CHOH), 1.34 (1H, m, -
CH2CHOH). EI-MS (rel. int.) m/z: 267 (M+, 13.9), 146 (100.0), 117 (19.1), 91 (12.3), 77 (17.6), 56 (95.7). GC-
MS (rel. int.) m/z: 268 (MH+, 29), 160 (8), 146 (100), 129 (7), 117 (20), 104 (16), 91 (11), 77 (24), 56 (82). HR-
EIMS: m/z calcd. for M+ (C18H21NO) 267.16231, found 267.16221 ± 0.00076.
Via another batch 5a was isolated as HCl-salt: 5a(HCl-salt), m.p.: 215-217 °C; C18H21NO.HCl (304): calcd. C
75.06, H 7.55, N 4.86; found C 75.09, H 7.18, N 4.69.
Crystal data and structure refinement for 5a.
Crystal colour transparent colourless
Crystal shape rather irregular needle
Crystal size 0.56 x 0.08 x 0.04 mm
Empirical formula C18H22ClNO
N
H OH Ph
Ph
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Formula weight 303.82
Temperature 208(2) K
Radiation / Wavelength MoKα (graphite mon.) / 0.71073 Å
Crystal system, space group Monoclinic, P21/n
Unit cell dimensions a, α= 9.263(2) A, 90°
(25 reflections 4.905<θ<10.086) b, β= 7.2367(19) A, 98.577(18)°
c, γ= 25.168(5) A, 90°
Volume 1668.3(6) A3
Z, Calculated density 4, 1.210 Mg/m3
Absorption coefficient 0.228 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / omega
F(000) 648
θ range for data collection 3.26 to 27.46°
Index ranges -11 ≤ h ≤ 12, -9 ≤ k ≤ 0, -32 ≤ l ≤ 0
Reflections collected / unique 3899 / 3816 [R(int) = 0.2889]
Reflections observed 545 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.042 and 0.959
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3816 / 0 / 191
Goodness-of-fit on F2 0.951
SHELXL-97 weight parameters 0.018600 0.00000
Final R indices [I>2σ(I)] R1 = 0.1799, wR2 = 0.1378
R indices (all data) R1 = 0.5767, wR2 = 0.2324
Largest diff. peak and hole 0.305 and -0.294 e.A-3
Homogeneous reduction of 1a
The general procedure for the hydrogenation with Wilkinson's catalyst was followed using 200 mg (0.48 mmol)
of 1a. Purification afforded 91 mg (0.34 mmol, 71%) of 5a as a mixture of two diastereomers and a quantitative
recovery of paramethoxybenzyl-alcohol.
1-Phenyl-2-[3-(3-pyridyl)tetrahydro-1H-pyrrol-2-yl]ethan-1-ol (5b)
391 mg (0.935 mmol) of (1b) was dissolved in 40 ml MeOH:EtOAc (2:1) and the general
procedure for the Raney nickel reduction was followed. After 144 h the reaction was stopped.
GC-MS analysis showed that product (5b) was formed as a mixture of 3 diastereomers. Column
chromatography (silica 60; CHCl3/MeOH 10:1; MeOH; I2 coloring; Rf = 0.40) afforded 110 mg
(0.41 mmol, 44%) 5b. 80% of p-methoxybenzyl alcohol was recovered. 1H-NMR-decoupled
(300 MHz, CDCl3): 8.45-8.43 (2H, m, pyrH-2, pyrH-6), 7.50-7.44 (1H, m, pyrH-4), 7.34-7.16
(6H, m, pyrH-5, Ph), 5.05 (1H, dd, J = 3.1, 8.3, -CHOH), 3.7 (1H, bs, OH/NH), 3.45-3.29 (1H, m, HNCH), 3.18-
3.11 (2H, m, -CH2NH-), 3.06 (1H, q, J = 9.0, (pyr)CH), 2.35-2.26 (1H, m, -CH2CH2NH), 1.96-1.84 (2H, m, -
CH2CHOH, -CH2CH2NH), 1.82-1.71 (1H, ddd, J = 3.2, 7.2, 14.5, -CH2CHOH). 13C-NMR-dept (75 MHz,
CDCl3): 149.3, 148.1, 144.8, 137.9, 134.6, 128.2, 126.9, 125.4, 123.6, 71.7, 63.8, 47.6, 45.5(CH2), 39.9(CH2),
35.1(CH2). GC-MS (rel. int.) m/z: 269 (MH+, 10), 250 (5), 175 (3), 161 (11), 147 (100), 118 (22), 106 (90), 91
(18), 77 (55), 56 (62). HR-EIMS: m/z calcd. for M+(C17H20N2O) 268.15756 found 268.15622 ± 0.00080.
Proposed intermediates isolated after Raney nickel reduction of 1b:
6-Methoxy-2-phenyl-4-(3-pyridyl)perhydroisoxazolo[2,3-b][1,2]oxazine (i)
1H-NMR-decoupled (300 MHz, CDCl3): 8.52-8.47 (2H, m, Pyr-H), 7.45-7.20 (7H, m, Pyr-
H, Ph), 5.00 (1H, dd, J = 6.8, 8.7, H-6), 4.75 (1H, dd, J = 5.9, 8.7, H-2), 4.08-4.00 (1H, m,
H-3a), 3.55 (3H, s, CH3O), 3.30-3.10 (1H, m, H-4), 2.56-2.49 (1H, m, H-3), 2.36-2.29
(2H, m, H-5), 2.16-2.04 (1H, m, H-3').
2-[6-[(4-Methoxybenzyl)oxy]-4-(3-pyridyl)-5,6-dihydro-4H-1,2-oxazin-3-yl]-1-phenylethan-1-ol (ii)
1H-NMR-decoupled (300 MHz, CDCl3):
8.50 (2H, bs, Pyr-H), 7.38-7.21 (9H, m, Ph), 690-6.86 (2H, m, Ph), 5.11 (1H, dd, J = 6.2,
10.1, H-1), 4.99-4.94 (2H, m, H-6, CH2O), 4.63 (1H, d, Jab = 11.4, CH2O), 3.83-3.80
(1H, m, H-4), 3.81 (3H, s, CH3O), 2.90 (1H, dd, J = 6.2, 12.5, H-2), 2.47 (1H, dd, J =
10.3, 12.5, H-2'), 2.25-2.11 (1H, m, H-5), 1.98-1.83 (1H, m, H-5').
N
H
N
OH
Ph
O
N O Ph
MeO
N
3a
O
N OH Ph
pMBO
N
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3-(5-Phenyl-4,5-dihydroisoxazol-3-yl)-3-(3-pyridyl)propanal (iii)
1H-NMR-decoupled (300 MHz, CDCl3): 9.80 (1H, s, H-1), 8.57-8.50 (2H, m, Pyr-H), 7.56-
7.53 (1H, m, Pyr-H), 7.38-7.18 (6H, m, Pyr-H, Ph), 5.57 (1H, dd, J = 8.2, 10.8, H-5), 4.22
(1H, t, J = 7.0, H-3),
3.54 (1H, dd, J = 8.3, 18.3, H-2), 3.30 (1H, dd, J = 11.3, 17.0, H-4), 2.90 (1H, dd, J = 6.0,
18.3, H-2'), 2.64 (1H, dd, J = 8.1, 17.0, H-4').
2-(2-Methyl-3-phenyltetrahydro-1H-2-pyrrolyl)-1-phenyl-1-ethanol (5c)
200 mg (0.46 mmol) of 1c was dissolved in 40 ml MeOH and the general procedure for the
Raney nickel reduction was followed. After column chromatography (silica 60; CHCl3/MeOH
95:5) the products were crystallized from CH2Cl2/hexane to give 124 mg (0.44 mmol, 95%) of
5c.
(5c)i: white solid, m.p.: 86-89 °C. 1H-NMR (300 MHz, CDCl3): 7.45-7.22 (10H, m, Ph), 5.37
(1H, dd, J = 2.3, 10.6, CHOH), 3.66 (1H, dd, J = 6.9, 12.2, CHPhCNH), 3.28 (1H, dt, J = 2.4, 11.0, CH2NH),
3.10 (1H, m, CH2NH), 2.41 (1H, m, -CH2CH2NH), 2.19 (1H, m, -CH2CH2NH), 1.69 (2H, dd, J = 2.4, 10.7,
CH2CHOH), 0.82 (3H, s, CH3).
(5c)ii: white solid, m.p.: 87-89 °C. 1H-NMR (300 MHz, CDCl3): 7.43-7.17 (10H, m, Ph), 5.49 (1H, bd, J = 10.6
Hz, CHOH), 3.74 (1H, dd, J = 7.3, 12.2, CHPhCNH), 3.71 (2H, m, CH2NH), 2.48 (1H, m, CHPhCH2CH2NH),
2.33 (1H, m, CHPhCH2CH2NH), 2.16 (1H, dd, J = 11.2, 15.5, CH2CHOH), 1.86 (1H, bd, J = 14.3 Hz,
CH2CHOH), 1.19 (3H, s, CH3). 13C-NMR-multiplicity (75 MHz, CDCl3): 143.8 (s, C-ipso), 135.5 (s, C-ipso),
126.6-125.7 (d, C-Ph), 70.0 (d, CHOH), 68.5 (s, CCH3), 49.1 (d, CHPhCH2CH2NH), 43.5 (t, CH2NH), 41.7 (t,
CH2CHOH), 27.6 (t, CH2CH2NH), 21.6 (q, CH3). EI-MS (rel. int.) m/z: 281 (M+, 18.6), 177 (30.4), 160 (40.1),
101 (15.7), 91 (10.3), 86(71.8), 77 (12.5), 70 (100.0). HR-EIMS: m/z calcd. for M+ (C19H23NO) 281.17796,
found 281.17800 ± 0.00084.
The general procedure for the hydrogenation with Wilkinson's catalyst was followed using 200 mg (0.46 mmol)
of 1c. Purification afforded 96 mg (0.34 mmol, 74%) of 5c as a mixture of two diastereomers and 60 mg (0.43
mmol, 95%) of paramethoxybenzyl-alcohol.
1-Phenyl-2-[3-(1H-pyrrol-2-yl)tetrahydro-1H-pyrrol-2-yl]ethan-1-ol (5d)
The general procedure for the Raney nickel reduction was followed using 250 mg (0.595 mmol)
of (1d). After 24 h the reaction was stopped. GC-MS analysis showed that product (5d) was
formed as a mixture of 3 diastereomers. After column chromatography (silica 60; CHCl3/MeOH
10:1; MeOH; Ninhydrine coloring) 75 mg (0.278 mmol) (5d) was obtained in 47% yield.
Crystallization from EtOAc/heptane yielded one diastereomer pure.
1H-NMR (300 MHz, CDCl3): 7.41-7.21 (5H, m, Ph), 6.67 (1H, m, pyrrole-H), 6.18-6.15 (1H,
m, pyrrole-H), 6.03 (1H, bs, pyrrole-H), 5.23 (1H, dd, J = 2.7, 10.4, -CHOH), 3.59 (1H, t, J = 9.7, pyrrole-CH),
3.21-3.14 (1H, m, -CH2NH-), 3.07-2.98 (1H, m, -CH2NH-), 2.21-2.12 (2H, m, -CH2CH2NH), 1.80-1.60 (2H, m, -
CH2CHOH), 0.86 (3H, s, -CH3). GC-MS (rel. int.) m/z: 270 (M+, 8), 228 (9), 177 (100), 161 (71), 149 (46), 105
(50), 91 (25), 77 (44), 41 (47). HR-EIMS: m/z calcd. for M+ (C17H22N2O) 270.173300, found 270.17331 ±
0.00018. Other diastereomer: 1H-NMR (300 MHz, CDCl3): 7.42-7.10 (5H, m, Ph), 6.71 (1H, m, pyrrole-H),
6.13-6.11 (1H, m, pyrrole-H), 6.00 (1H, bs, pyrrole-H), 5.42 (1H, dd, J = 8.7, -CHOH), 3.83 (1H, t, J = 8.4,
pyrrole-CH), 3.52-3.41 (2H, m, -CH2NH-), 2.51-1.82 (4H, m, -CH2CH2NH, CH2CHOH), 1.27 (3H, s, -CH3).
Methyl-3-hydroxy-2-(2-methyl-3-phenyltetrahydro-1H-2-pyrrolyl)-3-phenylpropanoate (5e)
The general procedure for the Raney nickel reduction was followed using 200 mg (0.41 mmol)
of nitroso acetal. After column chromatography (silica 60, CHCl3/MeOH 95:5) 130 mg (0.39
mmol, 95%) of 5e was obtained as a mixture of 4 diastereomers. 99% of p-methoxybenzyl
alcohol was recovered. Crystallization (CH2Cl2/hexane) yielded (5e)i as a white solid. A
second chromatographical step yielded the other three isomers as oils.
(5e)i White solid, m.p.: 119-122 °C, 1H-NMR (300 MHz, CDCl3): 7.45 (2H, bd, Jab = 7.1, Ph), 7.47-7.19 (8H, m,
Ph), 5.46 (1H, d, J = 7.0 Hz, CHOH), 3.80 (1H, m, CH2NH), 3.61 (1H, dd, J = 7.4, 10.8, CHCH2CH2NH), 3.52
(1H, m, CH2NH), 3.48 (3H, s, OCH3), 3.43 (1H, d, J = 7.0 Hz, CHCHOH), 2.53 (1H, m, CHCH2NH), 2.40 (1H,
m, CHCH2NH), 1.29 (3H, s, HNCHCH3). 13C-NMR (75 MHz, CDCl3): 171.9 (COO), 141.9 (C-ipso), 138.1 (C-
ipso), 129.1-126.7 (C-Ph), 73.4 (CHOH), 68.9 (CH3CHNH), 59.0 (CHCOOCH3), 51.7 (COO), 48.9
(CHCH2CH2NH), 43.4 (CH2NH), 31.2 (CH2CH2NH), 23.5 (HNCHCH3). CI- MS (rel. int.) m/z: 340 (MH+,
10.6), 234 (54.2), 185 (20.6), 160 (88.7), 129 (76.6), 121 (33.5), 118 (32.5), 107 (100.0), 91 (26.1), 79 (39.0), 77
(23.3), 69 (14.7), 51 (11.9). HR-MS: calcd. for MH+(C21H26NO3): 340.19127 found 340.19080 ± 0.00046.
(5e)ii oil; 1H-NMR (300 MHz, CDCl3, 298K): 7.43 (2H, bd, Jab = 7.1, Ph), 7.34-7.21 (8H, m, Ph), 5.38 (1H, d, J
= 8.0, -CHOH), 3.79 (1H, dd, J = 4.7, 7.8, PhCHCH2-), 3.60 (1H, m, -CH2NH-), 3.40 (1H, m, -CH2NH-), 3.34
(3H, s, CH3O-), 3.24 (1H, d, J = 8.0, CHCOOMe), 2.41 (2H, m, PhCHCH2-), 1.15 (3H, s, -CCH3).
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(5e)iii oil; 1H-NMR (300 MHz, CDCl3, 313K): 7.28 (8H, m, Ph), 6.97 (2H, m, Ph), 5.09 (1H, d, J = 9.9, -
CHOH), 3.34 (3H, s, CH3O-), 3.40-3.18 (2H, m, -CH2NH-), 3.13 (1H, dd, J = 4.9, 8.1, PhCHCH2-), 2.87 (1H, d,
J = 9.9, CHCOOMe), 2.57-2.41 (1H, m, PhCHCH2-), 2.19-2.08 (1H, m, PhCHCH2-), 1.13 (3H, s, -CCH3).
(5e)iv oil; 1H-NMR (300 MHz, CDCl3, 313K): 7.36 (2H, m, Ph), 7.31-7.19 (8H, m, Ph), 5.29(1H, d, J = 9.3, -
CHOH), 3.99 (1H, dd, J = 6.1, 8.8, PhCHCH2-), 3.44-3.33 (1H, m, -CH2NH-), 3.28-3.22 (1H, m, -CH2NH-),
3.19 (3H, s, CH3O-), 2.97 (1H, d, J = 9.3, CHCOOMe), 2.56-2.44 (1H, m, PhCHCH2-), 2.33-2.23 (1H, m,
PhCHCH2-), 1.02 (3H, s, -CCH3).
2-Hydroxy-7-phenylperhydropyrrolizin-3-one (8a)
1.73 g (4.34 mmol) 6a was dissolved in 40 ml MeOH and the general procedure for the Raney
nickel reduction was followed. After 24 h complete conversion of the starting material was
observed (TLC analysis). Column chromatography (silica 60; EtOAc, then MeOH) afforded 1.13 g
(5.20 mmol, 95%) 8a as a mixture of 3 diastereomers (Rf = 0.10-0.21; EtOAc/heptane 1:1, I2
coloring). 596 mg p-methoxybenzyl alcohol (4.32 mmol, 99%) was recovered. 1H-NMR (300
MHz, CDCl3): 7.37-7.22 (5H, m, Ph), 4.65 (1H, bt, J = 8.5, -CHOH), 3.78-3.63 (2H, m, -NCH-, -
NCH2), 3.36 (1H, bt, J = 9.8, -NCH2), 2.87-2.80 (1H, m, PhCH-), 2.76-2.67 (1H, m, -CH2CHOH),
2.53-2.46 (1H, m, -CH2CHPh-), 2.34-2.19 (1H, m, -CH2CHPh-), 1.88-1.77 (1H, m, -CH2CHOH). GC-MS (rel.
int.) m/z: 217 (M+, 26), 199 (8), 188 (20), 117 (28), 115 (19), 113 (29), 104 (8), 91 (44), 85 (26), 77 (12), 65
(12), 56 (78), 43 (100).
2-Hydroxy-7-(1H-pyrrol-2-yl)perhydropyrrolizin-3-one (8b)
113 mg (0.29 mmol) 6b was dissolved in 40 ml MeOH and the general procedure for the Raney
nickel reduction was followed. After 96 h the reaction was stopped and column chromatography
(silica 60; CHCl3/MeOH 10:1; MeOH) afforded 38 mg (0.19 mmol, 64%) 8b as an oil (mixture of
diastereomers). 98% of p-methoxybenzyl alcohol was recovered. Rf = 0.22 (CHCl3/MeOH = 10:1;
I2 coloring); 110% of p-methoxybenzyl alcohol was recovered. 1H-NMR (300 MHz, CDCl3,
307K): 8.03 (1H, bs, NH), 6.73 (1H, bs, pyr-H5), 6.18 (1H, q, J = 2.8, pyr-H4), 6.01 (1H, bs, pyr-
H3), 4.61 (1H, bt, J = 9.0, H-2), 3.81-3.63 (2H, m, H-7a, H-5), 3.35 (1H, bt, J = 10.5, H-5'), 2.88-
2.79 (2H, m, H-7, H-1), 2.58-2.48 (1H, m, H-6), 2.32-2.16 (1H, m, H-6'), 1.85-1.62 (1H, m, H-1'), 2.30-1.90
(1H, bm, OH). GC-MS (rel. int.) m/z: 206(M+, 44), 188(3), 160(2), 135(7), 121(6), 106(100), 94(18), 80(40),
67(12), 56(63). HR-EIMS: calcd. for M+ (C11H14N2O2) 206.10553, found 206.10524 ± 0.00041.
2-Hydroxy-7-(3-pyridyl)perhydropyrrolizin-3-one (8c)
195 mg (0.486 mmol) of 6c was dissolved in 40 ml MeOH and 2 ml of EtOAc and the general
procedure for the Raney nickel reduction was followed. After 120 h the reaction was stopped.
GC-MS analysis showed that product 8c was formed as a mixture of 3 diastereomers. After
column chromatography (silica 60; CHCl3/MeOH 10:1; MeOH; I2 coloring) 40 mg (0.18 mmol,
38%) 8c was obtained. 82% of p-methoxybenzyl alcohol was recovered. 1H-NMR-decoupled
(300 MHz, CDCl3): 8.55 (2H, bs, pyrH2, pyrH-6), 7.58-7.55 (1H, m, pyrH-4), 7.33-7.28 (1H, m,
pyrH-5), 4.67 (1H, dd, J = 8.0, 9.0, H-2), 3.83-3.68 (2H, m, H-7a, H-5), 3.43 (1H, bt, J = 9.8, H-
5'), 2.92-2.86 (2H, m, H-7), 2.80-2.72 (1H, m, H-1), 2.62-2.54 (1H, m, H-6), 2.35-2.26 (1H, m, H-6'), 1.90-1.79
(1H, ddd, J = 4.0, 8.3, 10.3, H-1'). GC-MS (rel. int.) m/z: 219 (MH+, 38), 201 (2), 189 (11), 161 (29), 130 (28),
118 (40), 106 (100), 91 (18), 85 (19), 78 (6), 56 (73).
2-Hydroxy-7-(1H-indol-3-yl)perhydropyrrolizin-3-one (8d)
The general procedure for the Raney nickel reduction was followed using 200 mg (0.62 mmol) of
nitroso acetal 6d. After removal of Raney nickel by filtration the crude reaction mixture was
stirred for another 18 h with a pinpoint of K2CO3. The K2CO3 was removed by filtration and
column chromatography (EtOAc, MeOH) afforded 61 mg (0.24 mmol, 52%) 8d as a mixture of 2
diastereomers. Crystallization from CH2Cl2 afforded the major diastereomer: 1H-NMR (300 MHz,
CDCl3/MeOH, 313 K:8.11 (1H, m, Ind-H), 7.60 (1H, d, J = 7.8, Ind-H), 7.44-7.06 (4H, m, Ind-H),
4.63 (1H, dd, J = 8.4, 9.6, H-2), 3.86-3.83 (1H, m, H-7a), 3.74-3.60 (1H, m, H-5), 3.88-3.80 (1H,
dt, J = 2.0, 9.5, H-5'), 3.20-3.11 (1H, m, H-7), 2.81-2.71 (1H, m, H-1), 2.68-2.56 (1H, m, H-6),
2.47-2.37 (1H, m, H-6'), 1.92-1.82 (1H, m, H-1'). FT-IR (cm-1) 3290 (OH), 2800-3100 (C-H arom. and C-H
alkane), 1650 (C = O). CI-MS m/z: 257 (MH+, 100), 156 (51), 85 (17), 56 (28). HR-EIMS: m/z calcd. for
M+(C15H16N2O2) 256.12117 found 256.12085 ± 0.00077 (3 ppm).
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7-(3,4-Dihydroxyphenyl)-2-hydroxyperhydropyrrolizin-3-one (8e)
The general procedure for the Raney nickel reduction was followed using 435 mg (1.01 mmol) of
nitroso acetal 6e in 40 ml EtOAc/MeOH (1:20) at 80 °C. After column chromatography (silica 60,
EtOAc/hexane 1:1 and CHCl3/MeOH 10:1, 1%HOAc) 85 mg (0.74 mmol, 74%) of 8e was
obtained. 99% of p-methoxybenzyl alcohol was recovered.
8e: Rf = 0.14 (CHCl3/MeOH = 10:1, 1%HOAc); 1H-NMR (300 MHz, CDCl3/(CD3)2SO): 6.78-
6.71 (2H, m, Ph), 6.56-6.53 (1H, m, Ph), 4.55 (1H, bt, J = 9.1, -CHOH), 3.66-3.51 (2H, m, -NCH-
, -NCH2), 3.34-3.28 (1H, m, -NCH2), 2.70-2.50 (2H, m, ArCH-, -CH2CHOH), 2.50-2.38 (1H, m, -
CH2CHAr-), 2.18 (1H, bt, -CH2CHAr-), 1.71 (1H, bq, J = 10.9, -CH2CHOH). 13C-NMR (75 MHz,
CDCl3/(CD3)2SO): 173.0 (C = O), 144.2 (ArC-OH), 143.1 (ArC-OH), 129.3 (ArC-ipso), 117.3 (ArCH), 117.2
(ArCH), 114.7 (ArCH), 113.5 (ArCH), 72.1 (-COH), 61.6 (-CHN-), 50.1 (-CH-Ar), 40.1 (-CH2N-), 36.5 (-
CH2COH), 33.2 (CH2CH2N).
2-Hydroxy-7a-methyl-7-phenylperhydro-3-pyrrolizinone (8f)
Heterogeneous reduction of 6f
The general procedure for the Raney nickel reduction was followed using 1.25 g (2.6 mmol) of nitroso acetal 6f.
A mixture of 4 diastereomers (ratio: 8/4/4/1) was obtained and after column chromatography (silica 60,
CHCl3:MeOH 95:5) and crystallization (CH2Cl2/hexane) 470 mg (2.0 mmol, 78%) of 8f was obtained. 95% of p-
methoxybenzyl alcohol was recovered.
(8f)i: white solid, m.p.: 180-184 °C. 1H-NMR (300 MHz, CDCl3): 7.38-7.21 (5H, m, Ph), 4.55
(1H, dd, J = 1.8, 7.8, H-2), 4.35 (1H, d, J = 3.1 Hz, exchange with D2O, OH), 3.70 (1H, m, H-1),
3.39 (1H, t, J = 10.2 Hz, H-1'), 2.98 (1H, dd, J = 12.8 Hz, 5.1 Hz, H-7), 2.65 (3H, m, H-5, H-6,
H-6'), 1.99 (1H, dd, J = 1.9, 13.9 Hz, H-5'), 1.14 (3H, s, CH3). 13C-NMR (75 MHz, CDCl3):
174.0, 137.4, 128.5, 127.9, 127,3, 74.8, 69.6, 54.0, 41.8, 39.3, 29.9, 22.0.
(8f)ii: white solid, m.p.: 184-186 °C. 1H-NMR (300 MHz, CDCl3): 7.38-7.21 (5H, m, Ph), 4.76
(1H, bt, J = 8.9 Hz, H-2), 3.95 (1H, d, J = 3.1 Hz, exchange with D2O, OH), 3.64 (1H, m, H-1),
3.36 (1H, bt, J = 10.2 Hz, H-1'), 3.12 (1H, dd, J = 7.0, 12.6, H-7), 2.63 (3H, m, H-5, H-6, H-6'), 2.17 (1H, dd, J =
1.4, 10.4, H-5'), 0.95 (3H, s, CH3). 13C-NMR-multiplicity (75 MHz, CDCl3): 174.0 (s, C-3), 137.3 (s, C-ipso),
128.6-126.3 (d, C-Ph), 72.7 (d, C-2), 66.5 (s, C-7a), 54.7 (d, C-7), 45.5 (t, C-5), 39.6 (t, C-1), 26.9 (t, C-6), 20.9
(q, CH3). IR (KBr): 1677 (s, CO), 3373 (b, OH). EI-MS (rel. int.) m/z: 231 (M+, 29.9), 127 (73.4), 117 (11.1),
101 (19.4), 86 (100.0), 70 (32.4), 63 (10.7), 58 (21.6). HR-EIMS: m/z calcd. for M+(C14H17NO2): 231.12593,
found 281.12538 ± 0.00092. C14H17NO2, calcd. C 72.70, H 7.41, N 6.06; found C 72.34, H 7.35, N 6.04.
Homogeneous reduction of 6f
The general procedure for the hydrogenation with Wilkinson's catalyst was followed using 200 mg (0.42 mmol)
of 6f. Purification afforded 66 mg (0.29 mmol, 68%) of 8f as a mixture of three diastereomers and 55 mg (0.40
mmol, 95%) of paramethoxybenzyl-alcohol.
2-Hydroxy-6-(2-hydroxyethyl)-7-phenylperhydropyrrolizin-3-one (8g)
1.07 g (3.5 mmol) of 6g was dissolved in 40 ml MeOH and the general procedure for the
Raney nickel reduction was followed. After 96 h the reaction was stopped and
evaporation of the solvents gave 813 mg (3.11 mmol, 88%) 8g as a mixture of
diastereomers. The major diastereomer was crystallized from hot EtOAc. M.p. 148-152
°C (cracking of the crystal at 95 °C). White solid; I2 coloring; m.p. 149-151 °C. 1H-NMR
(300 MHz, (CD3)2SO, 313K): 7.07-6.82 (5H, Ph), 4.16 (1H, m, -CHOH), 3.71 (1H, bq, J
= 5.9, -NCH-), 3.39 (1H, dd, J = 6.9, 11.5, -CH2N-), 2.98 (2H, m, -CH2OH), 2.78 (1H, t, J
= 8.0, PhCH-), 2.68 (1H, dd, J = 4.0, 11.5, CH2N-), 2.36 (2H, m, -CH2CHOH, -(Ph)CHCH-), 1.22 (1H, bq, J =
8.6, CH2CHOH), 0.84 (2H, m, -CH2CH2OH). GC-MS (rel. int.) m/z: 262 (MH+, 14), 261 (M+, 15), 243 (21), 232
(10), 216 (12), 129 (23), 117 (32), 115(51), 113 (66), 91(47), 85 (53), 77 (16), 56 (100).
2-Hydroxy-6-(3-hydroxypropyl)-7-phenylperhydropyrrolizin-3-one (8h)
The general procedure for the Raney nickel reduction was followed using 331 mg (1.04
mmol) 6h. After 120 h the reaction was stopped. After column chromatography (silica
60; CHCl3/MeOH 10:2; MeOH; I2 coloring) 183 mg (0.67 mmol) 8h was obtained (c.y.
= 64%). 1H-NMR (300 MHz, CDCl3): very broad signals. GC-MS (rel. int.) m/z: 276
(MH+, 24), 275 (M+, 26), 257(13), 246(8), 230(3), 216(12), 198(4), 184(5), 173(3),
156(5), 143(7), 129(25), 117 (29), 115 (47), 113(49), 104(10), 91(38), 80(34), 77(12),
65(11), 56(100). HR-EIMS: m/z calcd. for M+ (C16H21NO3) 275.15214, found
275.15151 ± 0.00083.
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2-Hydroxy-6-(2-hydroxyethyl)-7a-methyl-7-phenylperhydropyrrolizin-3-one (8i)
The general procedure for the Raney nickel reduction was followed using 255 mg (0.80
mmol) of nitroso acetal 6i in 40 ml MeOH. After 65 h complete disappearance of the
starting compound was observed (TLC). After filtration column chromatography (silica
60, CHCl3/MeOH = 10:1;) afforded 155 mg (0.56 mmol, 71%) of 8i as a white foam
(mixture of diastereomers). One of the diastereomers was crystallized from
CHCl3/heptane. m.p. 135-137 °C. Rf = 0.20-0.27 (CHCl3/MeOH = 10:1 ): 1H-NMR (300
MHz, CDCl3): 7.37-7.17 (5H, m, Ph), 4.70 (1H, bt, J = 8.9, -CHOH), 3.68-3.53 (3H, m, -
CH2OH-, -CH2N-), 3.40 (1H, m, -CH2N-), 3.29-3.20 (1H, m, OH), 3.20-3.02 (1H, m, -CH(CH2)2OH), 2.74 (1H,
d, J = 11.9, PhCH-), 2.42 (1H, dd, J = 7.8, 12.2, -CH2CHOH), 2.08 (1H, dd, J = 10.2, 12.2, -CH2CHOH), 1.81-
1.72 (1H, m, -CH2CH2OH), 1.64-1.42 (2H, m, -CH2CH2OH, OH), 0.99 (3H, s, -CCH3). GC-MS (rel. int.) m/z:
275(19), 257(5), 246(16), 229(4), 207(3), 184(3), 168(2), 156(2), 143(8), 127(100), 115(33), 91(32), 71(97),
55(34). HR-EIMS: m/z calcd. for M+ (C16H22NO3) 275.15214, found 275.15177 ± 0.00055. C16H22NO3 (275),
calcd. C 69.79, H 7.69, N 5.09; found C 69.03, H 7.44, N 5.04.
2-Hydroxy-9a-methyl-9-phenylperhydropyrrolo[1,2-a]indol-3-one (10)
70 mg (0.19 mmol) 9 was dissolved in 20 ml MeOH and 2 ml CH2Cl2 and the general
procedure for the Raney nickel reduction was followed. After 16 h the reaction was stopped
and after column chromatography (silica 60; CHCl3/MeOH 10:1; MeOH; I2 coloring) 40 mg
(0.14 mmol., 73%) 10 was obtained. 1H-NMR (300 MHz, CDCl3/D2O): 7.37-7.12 (5H, m,
Ph), 4.41 (1H, dd, J = 6.8, 10.3, -CHOH), 2.93 (1H, bt, J = 10.4 Hz, -CHNCO), 2.75 (1H, d, J
= 11.8, PhCHC(CH3)-), 2.01-1.93 (2H, m, -CHCH(Ph), 1.86-1.75 (3H, m, -CH2CH2-), 1.65
(1H, dd, J = 6.7, 12.0, -CH2CHOH), 1.49 (1H, t, J = 11.8, -CH2CHOH), 1.49 (3H, s, -CCH3),
1.43-1.11 (4H, m, -CH2CH2-), Additional signal in CDCl3: 3.03 (1H, d, J = 2.2, CH2CHOH). EI-MS (rel. int.)
m/z: 286 (MH+, 21.89), 285 (M+, 98.04), 257 (18.21), 256 (85.67), 173 (13.02), 172 (84.84), 130 (19.19), 129
(33.79), 128 (19.37), 115 (27.26), 114 (100.00), 105 (13.26), 104 (80.65), 91 (53.75), 81 (65.51), 80 (31.4), 77
(9.11).
(10a) HR-EIMS: m/z calcd. for M+ (C18H23NO2) 285.17288, found 285.17264 ± 0.00029.
(10b) m.p. 198-200 °C. C18H23NO2 (285.2), calcd. C 75.76, H 8.12, N 4.91; found C 75.47, H 8.10, N 4.95.
Crystal data and structure refinement for10b.
Crystal colour transparent colourless
Crystal shape irregular fragment
Crystal size 0.34 x 0.28 x 0.19 mm
Empirical formula C18H23NO2
Formula weight 285.37
Temperature 293(2) K
Radiation / Wavelength CuKα (graphite mon.) / 1.54184 Å
Crystal system, space group Monoclinic, P21/c
Unit cell dimensions a, α= 8.5579(8) Å, 90°
(23 reflections 40.134<θ<45.565) b, β= 17.243(3) Å, 103.568(10)°
c, γ= 11.0008(9) Å, 90°
Volume 1578.1(4) Å 3
Z, Calculated density 4, 1.201 Mg/m3
Absorption coefficient 0.612 mm-1
Diffractometer / scan Enraf-Nonius CAD4 / θ-2θ
F(000) 616
θ range for data collection 4.87 to 70.01°
Index ranges -10 ≤ h ≤ 10, 0 ≤ k ≤ 21, 0 ≤ l ≤ 13
Reflections collected / unique 3161 / 2999 [R(int) = 0.0220]
Reflections observed 2305 ([Io>2σ(Io)])
Absorption correction Semi-empirical from ψ-scans
Range of relat. transm. factors 1.097 and 0.926
Refinement method Full-matrix least-squares on F2
Computing SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 2999 / 0 / 282
Goodness-of-fit on F2 1.045
SHELXL-97 weight parameters 0.073300 0.231200
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Final R indices [I>2σ(I)] R1 = 0.0471, wR2 = 0.1287
R indices (all data) R1 = 0.0616, wR2 = 0.1420
Largest diff. peak and hole 0.159 and -0.159 e. Å -3
SmI2 reduction of nitroso acetal 1c
Argon was bubbled through to a solution of 115 mg (0.27 mmol) 1c in 10 ml THF and under argon atmosphere
16 ml of a 0.1 M SmI2.THF solution (1.6 mmol, 6 equiv.) was added slowly. The dark green SmI2.THF solution
slowly turned yellow within 1 min., which was an indication of the oxidation of Sm2+ to Sm3+. An additional 6
ml of the SmI2.THF solution (0.6 mmol, 2 equiv.) was added and the mixture turned green within 5 min. The
reaction mixture turned yellow after stirring overnight and while white precipitate was formed. The THF was
evaporated from the reaction mixture and again dissolved in CH2Cl2. After filtration the organic layer was
washed with a NaHCO3 solution 1 equiv. of a sat. solution of NaHCO3 was diluted with 1 equiv. of water).
Column chromatography (silica 60; EtOAc/hexane 1:1 and MeOH) afforded 9 mg (2.1 µmol) unreacted 1c, 21
mg (4.8 µmol) 14, 17 mg (6.1 µmol) 18, and 19 mg (6.4 µmol) lactam 17. Overall c.y. 7 %. The reaction was
repeated with 10 equiv. of SmI2, which resulted in the formation of a complex mixture of products.
2-6-[(4-Methoxybenzyl)oxy]-3-methyl-4-phenyl-1,2-oxazinan-3-yl-1-phenyl-1-ethanol (14)
White solid, mp.: 103-105 °C. 1H-NMR (300 MHz, CDCl3/D2O): 7.24-7.39 (12H, m, Ph),
6.92-6.87 (2H, m, Ph), 5.40 (1H, dd, J = 1.5, 10.3, -CHOH), 5.00 (1H, dd, J = 3.8, 8.7, -
OCHO-), 4.85 (1H, d, Jab = 11.5, -CH2O-), 4.60 (1H, d, Jab = 11.5, -CH2O-), 3.80 (3H, s,
CH3O-), 3.41 (1H, dd, J = 3.8, 13.4, PhCHC(CH3)-), 2.21 (1H, dt, J = 8.7, 13.4,
CH2CH(OR)2), 2.01 (1H, dt, J = 3.8, 13.5, CH2CH(OR)2), 1.77 (1H, dt, J = 1.9, 15.3, CH2CHOH), 1.58 (1H, dt,
J = 10.4, 15.3, CH2CHOH), 1.08 (3H, s, -CCH3). CI-MS (rel. int.) m/z: 434 (MH+, 0.1), 416 (0.2), 312 (0.9), 300
(6.0), 278 (2.8), 189 (3.1), 174 (10.2), 158 (19.4), 138 (20.2), 121 (100.0), 107(24.6), 106 (12.9), 105 (26.3), 104
(19.5), 91 (22.1), 77 (18.0), 58 (12.5).
5-(2-Hydroxy-2-phenylethyl)-5-methyl-4-phenylpyrrolidin-2-one (15)
1H-NMR (300 MHz, CDCl3): 7.39-7.11 (10H, m, Ph), 6.76 (1H, s, NH) 4.71(1H, dd, J = 3.5,
9.3, -CHOH), 3.41 (1H, t, J = 9.1, PhCHCH2-), 2.67 (2H, ddd, J = 8.3, 9.9, 16.9, -CH2C=O),
1.70 (1H, dd, J = 3.5, 14.6 CH2CHOH), 1.58 (3H, s, -CCH3), 1.37 (1H, dd, J = 9.3, 14.6
CH2CHOH). 13C-NMR (75 MHz, CDCl3/CD3OD): 176.6 (C = O), 145.0 (C-ipso, Ph), 137.1
(C-ipso, Ph), 128.5-125.2 (Ph), 70.58 (-PhCHOH-), 61.8 (CCH3), 53.2 (-CHPh), 44.6 (-CH2-),
33.1 (-CH2-), 27.9 (-CCH3) FT-IR (KBr / ν(cm-1): 3388 (bs), 3200 (bs), 1685 (s). EI-MS (rel. int.) m/z: 295 (M+,
9.3), 277 (3.4), 189 (66.7), 174 (44.1), 131 (13.5), 104 (78.7), 91 (11.9), 77 (23.7), 58 (100.0), 57 (39.9).
5-Methyl-3,6-diphenyl-2-oxa-8-azabicyclo[3.2.1]octane (16)
1H-NMR (300 MHz, CDCl3): 7.47-7.21 (10H, m, Ph), 5.22 (1H, dd, J = 5.0, 11.2), 5.12 (1H, dd, J
= 2.4, 6.4), 3.40 (1H, dd, J = 6.9, 12.4), 2.67 (1H, dd, J = 5.0, 12.5), 2.46-2.32 (2H, m), 2.00 (1H,
t, J = 11.6), 1.07 (3H, s, -CCH3). 13C-NMR (75 MHz, CDCl3): 138.2 (C-ipso, Ph), 137.5 (C-ipso,
Ph), 129.5-126.0 (Ph), 90.75 (-OCNH-; excludes -HC=N-), 79.6 (-OCPh), 73.1 (CCH3), 52.1 (-
CHPh), 50.0 (-CH2-), 34.4 (-CH2-), 25.2 (-CCH3). GC-MS (rel. int.) m/z: 278(8), 260(4), 248(35),
234(15), 207(2), 172(22), 157(81), 128(11), 115(14), 105(48), 77(83), 68(100).
7-Phenylperhydropyrrolizin-2-ol (17)
54 mg (0.23 mmol) 8f was dissolved in 5 ml dry THF and 1 ml CH2Cl2. The reaction mixture was
cooled to 0 °C and 1.2 ml (1.2 mmol) of a 0.1M BH3.THF solution was added. After 4 h the
reaction mixture was acidified with 5 ml 0.1N HCl and extracted with CH2Cl2. After drying over
Na2SO4 44 mg (0.203 mmol, 88%) of 17 was obtained as mixture of diastereomers. After column
chromatography (silica 60; EtOAc/hexane 1:2, I2 coloring) and crystallization from
CH2Cl2/hexane the major diastereomer 17a was obtained as a borane complex. Another
diastereomer 17b was isolated as an oil.
(17a) m.p. 108-110 °C. Rf = 0.11 (EtOAc/hexane 1:2). Borane complex. 1H-NMR-decoupled (300 MHz,
CDCl3): 7.38-7.20 (5H, m, Ph), 4.54 (1H, bs, H-2), 3.58 (2H, bd, J = 4.7, H-3), 3.52-3.43 (1H, m, H-5), 3.35-
3.28 (1H, m, H-5'), 3.23 (1H, dd, J = 9.8, 10.2, H-7), 2.72 (1H, dd, J = 8.4, 14.5, H-1), 2.48-2.17 (2H, m, H-6),
1.91 (1H, dd, J = 4.9, 14.5, H-1'), 1.12 (3H, s, Me). 13C-NMR-dept (75 MHz, CDCl3): 137.5(C-ipso), 128.6,
128.5, 128.4, 127.7, 79.4, 71.6(CH2), 68.9, 59.9(CH2), 52.9, 46.4(CH2), 27.2(CH2), 19.3.
EI-MS (rel. int.) m/z: 231 (M+, 6), 230 (39), 229 (12), 228 (26), 217 (39), 200 (18), 149 (15), 117 (23), 115 (29),
114 (27), 113 (100), 104 (25), 103 (14), 96 (20), 95 (21), 94 (16), 91 (31), 69 (78), 55 (18), 41 (21).
C14H19NO.BH3 (231): calcd. C 72.75, H 9.59, N 6.06; found C 72.40, H 9.47, N 6.03.
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(17b) Oil. Rf = 0.20 (EtOAc/hexane 1:2). EI-MS (rel. int.) m/z: 217 (M+, 19), 205 (5), 202(3), 200 (4), 114 (11),
113 (100), 105 (4), 96 (6), 91 (11), 86 (15), 85 (12), 84(17), 83(18), 69 (31), 51 (13). HR-EIMS: m/z calcd. for
M+(C14H19NO) 217.14666, found 217.14657 ± 0.00016.
Methyl 4a-methyl-3,5-diphenylperhydropyrrolo[1,2-c][1,3]oxazine-4-carboxylate (20)
15 mg (44 µmol) 5e was dissolved in 10 ml toluene and 0.5 ml of HOAc was added. The
reaction mixture was refluxed and conversion after 24 h was 80% (determined by TLC and
GC-analysis). After column chromatography (toluene/diisopropylether 10/1) 8 mg (23 µmol,
52%) of 20 was isolated. The molecular identity of a second fraction (4 mg, oil; Rf = 0.72
(toluene/diisopropylether 5/1).) was not dissolved (derivative of starting compound). 20: Oil;
Rf = 0.35 (Toluene/diisopropylether 5/1). 1H-NMR (300 MHz, (CDCl3): 7.40-6.98 (10H, m, Ph), 4.87 (1H, d, J =
10.8, H-3), 4.71 (1H, dd, Jab = 5.7, 18.0, H-1), 3.76-3.67 (1H, m, H-7), 3.58 (1H, dd, J = 3.9, 9.2, H-5), 3.52 (3H,
s, MeO), 3.38 (1H, dt, J = 4.2, 9.5, H-7'), 3.00 (1H, d, J = 10.7, H-4), 2.65-2.52 (1H, m, H-6), 2.18-2.04 (1H, m,
H-6’) 0.89 (3H, s, Me). 13C-NMR-dept (75 MHz, CDCl3): 171.9, 143.9, 140.4, 128.8, 128.4, 128.3, 128.2, 128.1,
127.3, 126.4, 77.0(CH2), 76.9, 64.2 (C-Me), 53.7, 51.5, 51.3, 48.1(CH2), 29.9(CH2), 18.9. GC-MS (rel. int.) m/z:
352 (MH+, 20), 320 (2), 292 (2), 264 (8), 247 (19), 230 (4), 189 (100), 174(17), 160(32), 144(34), 144 (39), 131
(30), 117 (68), 104 (49), 91 (28), 77 (31).
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Chapter 7
High-Pressure Promoted
Domino [4 + 2]/[3 + 2] Cycloadditions
On The Solid-phase1
7.1 Introduction
Domino [4 + 2]/[3 + 2] cycloadditions of enol ethers, nitroalkenes and electron-poor alkenes
seem very apt for application in solid-phase synthesis, enabling combinatorial access,2 since
these multi-component reactions allow the synthesis of heterocyclic nitroso acetals with a
large variety of substituents.3 Furthermore, the resin-bound nitroso acetals can be considered
as precursors for several classes of N-containing heterocycles such as pyrrolidines,
pyrrolizidinones and pyrrolidones (chapter 6).
It was already shown that these domino cycloaddition reactions are strongly accelerated by
high-pressure, Scheme 1.4
R1O N+OO
R2
Ph
R3
O
N OR1O
R2Ph
R3O N+ OR1O
R2
Ph
+
[4 + 2] [3 + 2]
heterodiene nitronate nitroso acetal
Scheme 1
high-pressure
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Application of high-pressure eliminates the need for Lewis acid catalysts, which are normally
used in an excess of more than one equivalent, and the need of a large excess of enol ether,
which makes it possible to perform the reaction in a one-pot fashion.5,6,7 As high-pressure also
assists in overcoming steric hindrance it allows the introduction of a large variety of
substituents.8,9
Since three building blocks are involved in the domino cycloaddition, the reaction can be
carried out with either a resin-bound enol ether, a resin-bound nitroalkene or a resin-bound
dipolarophile, Scheme 2.
O
dienophile
Ar
N
OO
X
heterodiene dipolarophile
Scheme 2
+
-
7.2 Results and Discussion
7.2.1 Resin bound enol ether
First, the effect of high-pressure conditions on the polystyrene based Wang-resin and the
polyethylene glycol derivatized Tentagel resin was examined. A pressure of 15 Kbar was
exerted on both resin types in CH2Cl2 for 24 h and the swelling capacities of the resins before
and after pressure treatment were studied in combination with FT-IR analysis and
microscopy.10 Both resins appeared to be stable under the high-pressure conditions. At first,
the domino cycloaddition was studied with the enol ether component coupled to the resin. The
synthesis of the resin-bound enol ether was achieved via a Hg(OAc)2 catalyzed
transvinylation reaction of ethyl vinyl ether (1) with the p-benzylic alcohol derivatized Wang
resin, Scheme 3.
OH
EtO Hg(OAc)2
∆
O+
Scheme 3
resin 1 2
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After refluxing a mixture of the resin in CH2Cl2 with an excess of ethyl vinyl ether (1) and a
catalytic amount of Hg(OAc)2 for 18 h, almost complete disappearance of the OH-stretching
vibration of the resin was observed (FT-IR analysis). The appearance of a C=C stretching
vibration at 1635 cm-1 further indicated the derivatization of the resin-OH with an enol
function.11
A domino [4 + 2]/[3 + 2] cycloaddition with resin-bound enol ether 2, nitrostyrene 3 and
methyl acrylate (4) was carried out at a pressure of 15 Kbar to obtain additional evidence for
the functionalization of the Wang resin with an enol ether, Scheme 4.
O
Ph
NO2 CO2Me
O
N OO CO2Me
Ph
+ +
15 kbar
Scheme 4
2 3 4 5
FT-IR analysis of the resin after the three-component high-pressure reaction at 15 Kbar (18 h)
showed complete disappearance of the enol ether double bond and the appearance of a strong
C=O signal at 1755 cm-1, which was an indication of the formation of resin-bond nitroso
acetal 5.
The domino [4 + 2]/[3 + 2] cycloaddition of the resin-bound enol ether and 2 equiv. of β-
nitrostyrene 6 at a pressure of 15 Kbar (18 h) resulted in the formation of resin-bound
products with FT-IR stretching vibrations at 1546 and 1560 cm-1 (NO2), indicating the
formation of resin-bound nitroso acetals 7, Scheme 5.
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EtO
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Ph
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cat. pTSOH/
cat. NH4Br
2 6 7a R1=NO2, R2=Ph
7b R2=Ph, R2=NO2
8a 9a
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More evidence for the formation of regioisomer 7a was found by its transformation to resin-
bound β-lactam 8a after stirring the resin 7a in CH2Cl2 with some Et3N for 20 h. FT-IR
analysis showed the characteristic C=O stretching vibration of the lactam at 1775 cm-1.
Several attempts were made to cleave the domino adducts 5, 7 and β-lactam 8a from the resin
by an acid catalyzed hydrolysis of the acetal linkage (95% TFA in CH2Cl2; TFA/H2O (10/1);
HOAc/THF/H2O (15/1/1)) but these attempts did either not result in cleavage of the resin-
bound products or resulted in the isolation of a complex mixture of cleaved products.12
Attempts to obtain β-lactam 9a from resin-bound β-lactam 8a via an acid catalyzed
transacetalization resulted in a complex mixture of cleaved products. One of the reasons for
the difficult hydrolysis of the acetal linkage might be the lowered accessibility of the reaction
centre because of the bulky resin. It is noteworthy that the acid catalyzed transacetalization of
β-lactam 9b to 9c in ethanol proceeded readily in 74% yield and that the transacetalization of
9b in methanol gave 9d in 72% yield, Scheme 6.
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Scheme 6
ROH/THF
cat. pTsOH
and NH4Br
9b 9c R=Et
9d R=Me
Further attempts to improve and optimize the hydrolytic cleavage were not made.
An attempt was made to hydrogenate resin-bound nitroso acetal 5, which was obtained from
the high-pressure promoted one-pot [4 + 2]/[3 + 2] cycloaddition of resin-bound enol ether, 1-
nitro-2-phenyl-prop-1-ene (3) and methyl acrylate (4), using the Wilkinson catalyst (see
chapter 6). After 4 days at 90 °C13 almost complete cleavage of the resin-bound nitroso acetal
with formation of pyrrolizidinone 11 was observed although the intermediary pyrrolidine 10
was also detected, Scheme 7.
O
N OO CO2Me
Ph
NH CO2Me
OHPh
K2CO3 / MeOH
N
O
OHPh
Wilk. cat. (Rh)
50 atm. H2, 90 °C, 4 days
Scheme 7
+
5 10 11
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Addition of a catalytic amount of base to the product mixture, obtained after cleavage,
resulted in complete ring closure to bicyclic lactam 11. When resin-bound nitroso acetal 12
was reduced under similar reaction conditions, an unexpected result was obtained. After 4
days, pyrrolidinone 13 was isolated as the major product (50% yield), Scheme 8.
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Ph NH
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Scheme 8
1312
A tentative mechanism for the formation of the 5-membered lactam is presented in Scheme 9.
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H-shift
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12
13
i iiR=Wang resin
Formation of 13 is based on the selective N,O bond reduction of the 5-membered ring of
nitroso acetal 1c (chapter 6) resulting in the isolation of oxazinan derivative i, as described in
chapter 6. This oxazinan intermediate i undergoes a nett hydride shift from the C-6 position to
the nitrogen and simultaneous breaking of the polarized N,O bond results in formation of
intermediate ii. Subsequent attack of the amine to the ester linkage will result in cyclization
cleavage under formation of pyrrolidinone 13. Since the formation of 13 was not observed
when nitroso acetal 1c (chapter 6) was reduced with Wilkinson's catalyst, a mechanism based
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on intermediates formed after hydrolyses of the hemi-acetal, such as an amino aldehyde and
imine (chapter 6, Scheme 2), was excluded.
7.2.2 Resin bound acrylate
After these preliminary results of high-pressure promoted cycloadditions with resin-bound
enol ether 2 and after thorough exploration of the domino cycloaddition in solution (chapter 2,
3 and 4), it was decided to focus attention on the synthesis of resin-bound acrylates and resin-
bound nitroalkenes. It was reasoned that application of these building blocks in the domino
cycloaddition would be more valuable in terms of substituent- and structural diversity of the
final products.
First, the solid-phase synthesis of nitroso acetals will be described via a resin-bound
dipolarophile. It was already mentioned that nitronates react much faster with electron-poor
alkenes than with electron-rich alkenes.4,7 The reaction of the in situ formed nitronate with the
resin-bound acrylate was therefore expected to be faster than its reaction with the enol ether in
solution. An acrylate was selected as dipolarophile and coupled to the resin via an ester
linkage, which allows the facile cleavage of the resin-bound nitroso acetals by several
methods (hydrolysis, reduction, transesterification, transamidation), simultaneously
introducing an extra site of substituent diversity.
The acryloyl function was coupled to the resin by reacting acryloylchloride (14) under basic
conditions with the hydroxybenzyl functionalized Wang resin, Scheme 10.
O
Cl HO
Et3N
CH2Cl2
O
O
Scheme 10
+
14 15
The enol ether and the β-nitrostyrene compound were added to the acrylate functionalized
Wang resin (15) in a 2-fold excess and mixed in a Teflon vessel with CH2Cl2 as the solvent.
After applying a pressure of 15 Kbar at RT for 48 h, FT-IR analysis of the resins showed a
C=O shift from 1721 cm-1 to 1737 cm-1 while the appearance of a new signal at 1563-1565
cm-1 (C-N bond vibration) in the case of 17a (R4=H) indicated the formation of resin-bound
domino adducts 18, Scheme 11.14
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To study the scope of this one-pot three-component cycloaddition the reactions were
performed with the non-activated nitrostyrenes 17a (R4=H) and 17b (R4=CH3), the mono-, di-
and tri-substituted enol ethers 16a-f and the resin-bound acrylate 15, Table 1. 15
O
N O O
OMe
EtO
Ph
O
N O O
OMe
Ph
O
O
N O O
OMe
Ph
MeO
O
N O O
OMe
EtO
Ph
O
N O O
OMe
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O
O
N O O
OMe
Ph
MeO
33
42
52
44
38
37
products 19R1 R2entry R3 R4 c.y. (%)a
a
b
c
d
e
f
Et
-CH2CH2-
MeOb
Et
-CH2CH2-
MeOb
H
H
H
H
-(CH2)4-
H
H
-(CH2)4-
H
H
H
CH3
CH3
CH3
a Yields of purified cycloadducts based on initial loading level of the Wang Resin
(1.22 mmol/g)
b The enol ether is prepared from the corresponding dimethoxyacetal
Table 1. Nitroso acetals 19a-f prepared on the solid phase
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In order to determine the yield of this domino cycloaddition the products were cleaved from
the resin by a cyanide catalyzed transesterification reaction in a mixture of Et3N/MeOH/
benzene (0.4:2:10), Scheme 12.
O
NR1O
R2
R3
Ph
R4
O
OO O N OR1O
R2
R3
PhR4
O
OMe
Et3N / MeOH
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Scheme 12
18 19
All cycloadducts were isolated as mixtures of diastereomers. Yields after a three-step reaction
sequence were reasonable (33-52%; not optimized), even in the case of higher substituted
enol ethers and nitrostyrenes (Table 1). The product mixtures were analyzed by mass
spectroscopy and 1H-NMR analysis. 1H-NMR analysis of the crude reaction mixtures showed
a complete regioselective outcome of both the [4 + 2] and [3 + 2] cycloadditions, which is in
agreement with the results obtained for the same reactions carried out in solution (see chapter
2). The relatively low yield in entry 19a (33%) can be ascribed to a competition between the
resin-bound acrylate and the unsubstituted enol ether 16a to react with the in situ formed
nitronate, Table 1.
7.2.3 Resin bound nitroalkenes
After the promising results obtained by studying the solid-phase synthesis of nitroso acetals
via a resin-bound acrylate, it was reasoned that the preparation of resin-bound nitroalkenes
would be very interesting in terms of structure- and substituent diversity. Nitroalkenes have
proven to be versatile building blocks in the synthesis of many compounds with potential
biological activity.16, 17, 18, 19, 20
By preparation of the resin-bound nitroalkenes via a Knoevenagel condensation of resin-
bound nitro acetic acid with aryl and alkyl substituted aldehydes, an extra site of diversity can
be introduced in the nitroso acetal skeleton, Scheme 13. Furthermore, the resin-bound
nitroalkenes can serve as activated alkenes in other cycloaddition reactions (Diels-Alder, 1,3-
dipolar cycloaddition, [2+2] cycloaddition) and, hence, open a route to the solid-phase
synthesis of other interesting compound classes. From the numerous methods for the
preparation of nitroalkenes a recently published procedure by Varma and co-workers seemed
to be very attractive for use in solid-phase synthesis.21,22 The method involves a solvent-free
one-pot synthesis of conjugated nitroalkenes via a microwave-assisted Knoevenagel
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condensation between nitroalkanes and aromatic aldehydes (3-8 min.; 80-92%; unoptimized
yields). The method was adapted for solid-phase synthesis and a range of different resin-
bound nitroalkenes were prepared in one step from resin-bound nitro acetic acid with a great
variety of aryl- and alkyl substituted aldehydes, Scheme 13 (for R see Table 2). First, nitro
acetic acid 20 was esterified to the polystyrene based Wang resin using N,N’-
diisopropylcarbodiimide (DIC) in THF, Scheme 13. 23
O
O
NO2 O
O
NO2
R
OH
HO
O
NO2
O
R H
NH4OAc, THF
20 min. 350 W
DIC, rt
Scheme 13
20
21 23a-e
22
FT-IR analysis of the resin showed the C=O vibration at 1752 cm-1 and the C-NO2 vibration
at 1565 cm-1. A parallel formation of the resin-bound nitroalkenes 23a-e was realized in one
step via a microwave-assisted condensation (20 min., 350 Watt) of aldehyde 22a-e (10 equiv.)
with the resin-bound nitro acetic acid 21, followed by dehydration of the intermediate β-
nitroalcohol. THF was used as the solvent in order to obtain optimal diffusion of the aldehyde
in the polystyrene resin. The appearance of a characteristic C=C stretching vibration (Table 2)
was an indication of the formation of the desired nitroalkene.
N
N
H
O
R ν(C=C) of 23(cm-1)
1642
1645
1667
1642
1668
Yields of purified cycloadducts based on initial loading (0.99 mmol/g)
entry
a
b
c
d
e
yield of 26(%)
51
56
29
34
48
Table 2. Synthesis of bicyclic nitroso acetals 26a-e
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Next, ethyl vinyl ether (1) and styrene 24 were added to the resin-bound nitroalkenes 23a-e in
a parallel fashion (one reaction/vessel) and a pressure of 15 Kbar was applied to the reaction
mixture for 20 h (50 °C) after which the resin-bound domino adducts 25a-e were formed,
Scheme 14.
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23a-e 1 24 25a-e 26a-e
Scheme 14
After the domino [4 + 2]/[3 + 2] cycloadditions FT-IR analysis of each of the resins showed
the disappearance of both the C=C vibration (1640 cm-1) and the C-NO2 vibration(1565 cm-1).
Subsequent reduction of the ester-linkage with LiAlH4 gave the 3α−methylalcohol substituted
nitroso acetals 26a-e, Scheme 14.24 In this way a variety of parallel prepared bicyclic nitroso
acetals 26a-e were obtained, each as a mixture of diastereomers in an overall yield of 29-56 %
over 4 steps (not optimized). As depicted in Table 2 both (hetero) aromatic and aliphatic R
substituents can be introduced via the Knoevenagel condensation.
7.4 Conclusion
Derivatization of the polystyrene based Wang-resin by an enol ether, acrylate and nitroalkene
moiety has been described and its application in the high-pressure promoted one-pot three-
component [4 + 2]/[3 + 2] cycloadditions has been demonstrated. The homogeneous reduction
of resin-bound 2-carbomethoxy substituted nitroso acetal 5 yielded 2-hydroxy-pyrrolizidinone
11. The homogeneous reduction of resin-bound 2-phenyl substituted resin-bound nitroso
acetal 12, however, resulted in the formation of the corresponding pyrrolidinone 13 instead of
the expected pyrrolidine.
An easy and straightforward synthesis of resin-bound nitroalkenes has been described. Since
nitroalkenes are suitable cycloaddition partners in various other types of cycloaddition
reactions, this synthesis opens a route to various types of solid-phase cycloaddition reactions
involving nitroalkenes.
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7.4 Experimental section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-300 spectrometer. Chemical shift values are
reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as an internal standard. The coupling
constants (J) are given in Hz. FT-IR spectra were measured on a Bio-Rad FTS-25 single-beam spectrometer.
(High resolution) Mass spectra were obtained with a double focusing VG7070E mass spectrometer. GC-MS
analysis was carried out on a Varian Saturn II GC/MS by on-column injection (DB-1 column, length 30 m,
internal diameter 0.25 mm, film thickness 0.25 µm. Analytical thin layer chromatography was carried out on
Merck precoated silica gel 60 F254 plates (thickness 0.25 mm). Spots were visualized with UV, I2 or a 6.2%
H2SO4 aqueous solution (1 l), containing ammonium molybdate (42 g), and ceric ammonium sulphate (3.6 g),
followed by charring. Column chromatography was carried out using Merck silica gel 60, 0.063-0.200 mm (70-
230 mesh). When necessary, solvents were distilled and dried according to standard procedures. The "piston
down" high-pressure apparatus operating at a pressure range of 1-15 Kbar has been described.25
Preparation of resin-bound enol ether 2:
5.0 g Wang resin (1.16 mmol/g) was gently stirred in 15 ml toluene, 15 ml ethyl vinyl ether 1 (160 mmol) and a
catalytic amount of Hg(OAc)2 and refluxed for 18 h. The resin was thoroughly washed with CH2Cl2 (3x 20 ml),
MeOH (3x 20 ml), H2O (3x 20 ml), CH2Cl2 (3x 20 ml), MeOH (3x 20 ml) and CH2Cl2 (3x 20 ml). The resin was
dried at 70 °C under reduced pressure (oil pump) for 4 h. FT-IR analysis (KBr pellet) showed the O-C=C signal
at 1635 cm-1 and a strong reduction of the OH stretch.
High-pressure promoted three-component domino cycloaddition with resin-bound enol ether 2:
780 mg (0.86 mmol) of the resin-bound enol ether 2 was placed in a 7.5 ml Teflon vessel with 247 mg (1.5
mmol) β-nitrostyrene 3 and 250 mg (2.9 mmol) methyl acrylate 4. The Teflon vessel was placed in the high-
pressure apparatus (described in ref.23) at a pressure of 15 Kbar at RT for 18 h. After depressurization, the
reaction mixture was poured over a glass filter, drained and the resin was washed with CH2Cl2 (3x 10 ml),
MeOH (2x 10 ml) and CH2Cl2 (3x 10 ml). The resin was dried at 70 °C under reduced pressure (oil pump) for
2h. FT-IR analysis showed the disappearance of the enol ether stretch at 1635 cm-1 and the appearance of a C=O
stretches at 1755-1737 cm-1 indicating the formation of resin-bound nitroso acetals 5.
High-pressure promoted two-component domino cycloaddition with resin-bound enol ether 2:
1.025 g (1.2 mmol) of resin-bound enol ether 2 was placed in a 7.5 ml Teflon vessel with 443 mg (3.0 mmol) β-
nitrostyrene 6. The Teflon vessel was placed in the high-pressure apparatus ref.25) at a pressure of 15 Kbar at
RT for 16 h. After depressurization, the reaction mixture was poured over a glass filter, drained and the resin was
washed with CH2Cl2 (3x 10 ml), MeOH (2x 10 ml) and CH2Cl2 (3x 10 ml). The resin was dried at 70 °C under
reduced pressure (oil pump) for 2h. FT-IR analysis showed the disappearance of the enol ether stretch at 1635
cm-1 and the appearance of a NO2 stretches at 1563 and 1554 cm-1 indicating the formation of resin-bound
nitroso acetals 7a and 7b.
Conversion of 7a to resin-bound β-lactam 8a:
5 ml CH2Cl2 was added to 1.35 g (1.6 mmol) resin-bound nitroso acetals 7 and the slurry was gently stirred
while 2 ml (14.4 mmol) Et3N was added. The mixture was stirred for 18 h after which the resin was poured over
a glass filter, drained and washed with CH2Cl2 (3x 10 ml), MeOH (2x 10 ml) and CH2Cl2 (3x 10 ml). The resin
was dried at 70 °C under reduced pressure (oil pump) for 2h. FT-IR analysis showed the appearance of a C=O
stretch at 1778 cm-1 which is a characteristic C=O stretch for a lactam carbonyl. The NO2 stretch at 1554 cm-1
disappeared.
Transacetalization of 9b to 9c:
54 mg (0.13 mmol) of 9b was dissolved in 4 ml EtOH and 4 ml of THF. Catalytic amounts of pTsOH and
NH4Br were added and the mixture was refluxed for 24 h. After addition of 1 ml of NaHCO3 (sat.) and 5 ml of
H2O the mixture was extracted with CH2Cl2 and dried with brine and Na2SO4. 1H-NMR analysis of the crude
reaction mixture showed 74% conversion of 9b to 9c.
2-Ethoxy-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (9c)
Rf = 0.26 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300 MHz, CDCl3): δ(ppm) J(Hz): 7.34-
7.09 (8H, m), 6.49-6.46 (2H, m), 5.05 (1H, t, J = 2.2, H-2), 4.47 (1H, d, J = 4.8, H-5), 4.32
(1H, m, CH2O), 4.03 (1H, dd, J = 4.8, 10.1, H-4a), 3.68 (1H, m, CH2O), 3.16 (1H, ddd, J =
4.1, 10.1, 13.7, H-4), 2.18 (1H, dt, J = 2.5, 13.7, H-3), 1.93 (1H, dddd, 2.0, 4.1, 6.1, 13.9, H-
3'), 1.41 (3H, t, J = 7.1, CH3).
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The transacetalization procedure was repeated with MeOH instead of EtOH and conversion to 9d was almost
complete after 22 h. After silica column chromatography (EtOAc/hexane 1:4, 1% Et3N) 9d was obtained in 72 %
yield.
2-Methoxy-4,5-diphenylperhydroazeto[1,2-b][1,2]oxazin-6-one (9d)
Rf = 0.20 (EtOAc/hexane 1:4, 1% Et3N). 1H-NMR (300 MHz, CDCl3): δ(ppm) J (Hz): 7.37-
7.06 (8 H, m, Ph), 6.47-6.45 (2H, m, Ph), 4.96 (1H, t, J = 2.2, H-2), 4.48 (1H, d, J = 4.8, H-
5), 4.03 (1H, dd, J = 4.8, 10.1, H-4a), 3.75 (3H, s, MeO), 3.14 (1H, m, H-4), 2.17 (1H, dt, J =
2.5, 13.7, H-3), 1.94 (1H, ddd, 2.0, 4.1, 13.4, H-3').
Homogeneous reduction of resin-bound nitroso acetal 5:
893 mg (1.09 mmol) resin-bound nitroso acetal 5 was suspended in 20 ml dichloromethane and 5 ml
tetrahydrofuran. A spoon tip of Wilkinson’s catalyst (5 mg) was added and the reaction mixture was stirred for 4
days at 90 °C and 50 atm. of H2. After washing the resin with CH2Cl2 (3x 20 ml), MeOH (3x 20 ml) and CH2Cl2
(3x 20 ml) the filtrate was collected. After evaporation of the solvents 159 mg (0.667 mmol, 66%) of crude
product was obtained. TLC and 1H-NMR analysis of the cleaved product mixture, showed that pyrrolidine 10
was formed predominantly and only a small amount of 11 was formed. The mixture was dissolved in 5 ml of
methanol and 5 ml of dichloromethane, after which a spoon tip of K2CO3 was added. The mixture was stirred at
RT for 20 h, then 10 ml of water was added and the mixture was extracted with dichloromethane (3x 20 ml). The
organic layers were collected, washed with brine and dried with Na2SO4. Column chromatography (silica 60;
CHCl3/MeOH 100:5, and a second column using EtOAc:MeOH 100:3; I2 coloring) resulted in separation of the
main part of the catalyst from the diastereomeric products. GC-MS analysis and NMR analysis confirmed the
structure of the cleaved product 11 (see chapter 6). It was not possible to crystallize the 2-hydroxy
pyrrolizidinone 11 from dichloromethane/heptane, probably due to contamination of some PPh3, originating from
the partly decomposed catalyst.
Homogeneous reduction of resin-bound nitroso acetal 12:
394 mg (0.481 mmol) resin-bound nitroso acetal 12 was suspended in 10 ml dichloromethane and 10 ml
tetrahydrofuran. A spoon tip of Wilkinson’s catalyst (5 mg) was added and the reaction mixture was stirred for 4
days at 90 °C and 50 atm. of H2. After washing the resin with CH2Cl2 (3x 20 ml), MeOH (3x 20 ml) and CH2Cl2
(3x 20 ml) the filtrate was collected. Evaporation of the solvents and subsequent column chromatography (silica
60; CHCl3/MeOH 100:5, I2 coloring) yielded 70 mg (0.237 mmol, 50%) of product 13. TLC, GC-MS and 1H-
NMR analysis confirmed the structure of the cleaved pyrrolidinone 13 (see chapter 6). It was not possible to
crystallize the product from dichloromethane/heptane, probably due to contamination of some PPh3, originating
from the partly decomposed catalyst.
Preparation of resin-bound acrylate 15:
50 ml of CH2Cl2 was added to 6.148 g (7.5 mmol) Wang-resin (1.22 mmol/g) and 10 ml Et3N (72 mmol, 10
equiv.) was added. The suspension was gently stirred and cooled to -15 °C. 6 ml (76 mmol) of acryloylchloride
in 20 ml CH2Cl2 was added drop wise to the reaction mixture. The mixture was stirred for 7 h at RT after which
the resin was thoroughly washed with CH2Cl2 (3x 20 ml), MeOH (3x 20 ml), H2O (3x 20 ml), MeOH (3x 20 ml)
and CH2Cl2 (3x 20 ml). The resin was dried at 70 °C under reduced pressure (oil pump) for at least 2 h. FT-IR
analysis (KBr pellet) showed a C=O signal at 1721 cm-1 and disappearance of the resin-OH stretch.
General procedure for the preparation of resin-bound nitroso acetal 18:
750 mg of the resin-bound acrylate 15 was placed in a Teflon vessel with 2 equiv. enol ether 16 and 2 equiv. β-
nitrostyrene (17a). The Teflon vessel was placed in the high-pressure apparatus (described in ref. 25) at a
pressure of 15 Kbar at RT for 48 h. After depressurization, the reaction mixture was poured over a glass filter,
drained and the resin was washed with CH2Cl2 (3x 10 ml), MeOH (2x 10 ml) and CH2Cl2 (3x 10 ml). The resin
was dried at 70 °C under reduced pressure (oil pump) for 2 h. While FT-IR analysis showed the appearance and
disappearance of some characteristic bond stretches, the increase in weight of the resin was a measure of the
amount of cycloadduct formed on the resin. For less substituted enol ethers and nitrostyrenes good conversions
were already achieved at lower pressures and shorter reaction times (12 Kbar, RT 17 h). The given standard
conditions (15 Kbar, RT, 48 h) were chosen because of satisfactory conversions using more substituted reaction
partners.
General procedure for cleavage of 18: A mixture of Et3N (0.4 ml), MeOH (2.0 ml), benzene (10 ml) was added
to 800 mg of resin. After addition of 2-5 mg KCN the mixture was refluxed for 48 h after which the solution was
separated from the resin by filtration over a glass filter. After washing the resin with CH2Cl2 (3x 10 ml), MeOH
(2x 10 ml), H2O/sat. NaHCO3 solution (1/1), MeOH (2x 10 ml), and CH2Cl2 (3x 10 ml) the organic phase was
separated from the water phase. The water phase was extracted with CH2Cl2. The combined organic layers were
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dried with brine and MgSO4 and concentrated in vacuo. The nitroso acetals 19a-f were purified by passage
through a short path of silica (eluent EtOAc/hexane 1/4, 1% Et3N), isolated as colorless or light yellow oils and
analyzed by 1H-NMR and mass spectroscopy. 1H-NMR analysis were in agreement with the analysis of the
nitroso acetals obtained from solution chemistry, see chapter 2. The compounds were obtained as mixtures of
diastereomers and were not further purified, with exception of 19c and 19f.
Methyl 6-ethoxy-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19a)
CI-MS (rel. int.) m/z 308 (MH+, 33), 262(20), 205(100), 161(26), 143(35), 133(92),
117(57), 105(73), 91(20), 77(12); HR-MS: m/z calcd. for M+(C16H21NO5) 307.1420,
found 307.1420 ± 0.0012.
Methyl 4-phenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19b)
CI-MS (rel. int.) m/z 306 (MH+, 12), 288(15), 205(100), 259(37), 130(58), 117(85),
91(58), 77(18), 70(35); HR-MS: m/z calcd. for M+(C16H19NO5): 305.1263, found
305.1264 ± 0.0012.
Methyl 8a-methoxy-4-phenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19c)
Obtained as a mixture of four diastereomers (EtOAc/hexane 1:4, 1% Et3N). Two
diastereomers were isolated from the mixture and analyzed:
Diastereomer 1 of (19c) Rf = 0.18. 1H-NMR (300 MHz, CDCl3): δ(ppm) J (Hz): 7.53-
7.16 (5H, m, Ph), 5.10 (1H, dd, J = 4.3, 9.2, CHCO2Me), 3.78 (1H, m, -NCH-), 3.70
(3H, s, MeO), 3.43 (3H, s, MeO), 2.86 (1H, dd, J = 7.6, 12.9, PhCH-), 2.64-2.47 (2H, m,
MeOCCH, CH2CHCO2Me), 1.98 (1H, dd(b), J = 13.4, 24.9, CH2CHCO2Me), 1.81-1.09
(8H, m, cycl. hex.). 13C-NMR (75 MHz, CDCl3): δ(ppm): 170.6, 140.8, 128.7, 128.0, 127.6, 103.1, 80.6, 76.4,
52.4, 48.5, 47.2, 40.5, 35.8, 27.8, 23.1, 21.6, 20.3. MS-CI (rel. int.) m/z: 534 (M+ +187, 2), 438 (M+ +91, 2), 348
(MH+, 2), 348 (50), 316 (37), 285 (29), 228 (13), 205 (85), 187 (100), 169 (36), 145 (19), 130 (23), 117 (41),
112(45), 91 (48). HR-CIMS: m/z calcd. for M+ (C19H25NO6) 347.1733, found 347.1734 ± 0.0015.
Diastereomer 2 of (19c) Rf = 0.09. 1H-NMR (300 MHz, CDCl3): δ(ppm) J (Hz): 7.37-7.15 (5H, m, Ph), 4.48
(1H, m (b), CHCO2Me), 3.78 (3H, s, MeO), 3.62 (1H, m, -NCH-), 3.15 (3H, s, MeO), 3.00 (1H, s (b), PhCH-),
2.82 (1H, dd, J = 6.7, 10.8, CH2CHCO2Me), 2.57 (1H, dd, J = 4.0, 16.3, CH2CHCO2Me), 2.25 (1H, d (b), J =
13.3, MeOCCH), 2.02 (1H, dd, J = 4.3, 16.6, cycl. hex.), 1.82-1.22 (7H, m, cycl. hex.).
13C-NMR (75 MHz, CDCl3): δ(ppm): 173.7, 156.9, 140.7, 128.8, 128.2, 126.6, 98.1, 68.6, 52.4, 47.4, 43.3, 38.0,
31.4, 24.7, 22.6. MS-CI (rel. int.) m/z: 348 (MH+, 60), 316 (63), 228 (100), 227 (57), 187 (58), 169 (39), 117
(20), 91 (36). HR-CIMS: m/z calcd. for M+ (C19H29NO5) 347.1733, found 347.1732 ± 0.0010.
Methyl 6-ethoxy-3a-methyl-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19d)
CI-MS (rel. int.) m/z 322 (MH+, 13), 276(8), 245(16), 219(61), 161(31), 157(32),
144(100), 131(42), 105(43), 91(21), 77(7). HR-MS: m/z calcd. for M+(C17H23NO5):
321.1576, found 321.1577 ± 0.0015.
Methyl 3a-methyl-4-phenylperhydrofuro[3,2-e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19e)
CI-MS (rel. int.) m/z 320 (MH+, 9), 289(3), 260(2), 219(76), 159(51), 144(58), 131(100),
115(34), 91(43), 77(10); HR-MS: m/z calcd. for M+(C17H21NO5): 319.1420, found
307.1420 ± 0.0012.
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Methyl-8a-methoxy-3a-methyl-4-phenylperhydrobenzo[e]isoxazolo[2,3-b][1,2]oxazine-2-carboxylate (19f)
Obtained as a mixture of diastereomers. Major diastereomer: Rf = 0.58 (EtOAc/hexane
1:2, 1% Et3N. 1H-NMR (300 MHz, CDCl3): δ(ppm) J (Hz): 7.35-7.14 (5H, m, Ph), 5.17
(1H, dd, J = 3.7, 10.9, CHCO2Me), 3.72 (3H, s, MeO), 3.40 (3H, s, MeO), 3.28 (1H, d
(b), J = 12.9, PhCH-), 3.13 (1H, m, MeOCCH), 2.35-2.20 (2H, m, CH2CHCO2Me), 1.98-
1.20 (8H, m, cycl. hex.), 1.09 (3H, s, CH3). MS-CI (rel. int.) m/z: 362 (MH+, 48), 330
(50), 299 (100), 260 (70), 219 (68), 201(55), 187(88), 169 (29), 144 (49), 131 (48), 112
(55), 91(51), 84 (22). HR-CIMS: m/z calcd. for M+ (C20H27NO5) 361.1889, found 361.1890 ± 0.0014.
Preparation of resin-bound nitro acetic acid 21: To a mixture of 5.00 g of Wang resin (p-benzyloxybenzyl
alcohol functionalized polystyrene resin 100-200 mesh; 0.99 mmol/g; 5.0 mmol)) and 2.70 g of HOBT (20
mmol) 70 ml dry THF was added under an argon atmosphere. 2.50 g of DIC (20 mmol) was added. Slowly 3.15
g nitro acetic acid 20 (30 mmol) in 10 ml THF was added and the reaction mixture was stirred gently at 0 °C for
30 min. after which it was stirred for 17h at RT. The resin was rinsed with CH2Cl2 (3x10ml), MeOH (2x10ml),
DMF (2x10ml), H2O (2x10ml), DMF (2x10ml), MeOH (2x10ml) and CH2Cl2 (3x10ml) and dried for at least 2h
at 70 °C in vacuum (1 mmHg). The use of DCC is not recommended because of the problematic removal of the
(poorly soluble) DCU side product from the resin.
General procedure for the preparation of resin-bound nitroalkene 23:
10 ml of THF was added to a mixture of 500 mg resin-bound nitro acetic acid 21 (0.5 mmol), 5 mmol aldehyde
22 (10 equiv.) and 38 mg ammonium acetate (0.5 mmol) in a 25 ml bulb and stirred in the microwave for 20
min. at 350 W. The reaction mixture was poured over a glass filter, drained and the resin was rinsed with CH2Cl2
(3x10ml), MeOH (2x10ml), and CH2Cl2 (3x10ml).
General procedure for the preparation of resin-bound nitroso acetals 25:
200 mg of the resin-bound nitroalkene 23 (0.2 mmol) was placed in a 1.5 ml Teflon vessel with 55 mg ethyl
vinyl ether 1 (0.75 mmol; 4 equiv.) and 105 mg styrene 24 (1.0 mmol; 5 equiv.) with CH2Cl2 as the solvent. The
reaction was performed at a pressure of 15 Kbar at 50 °C for 20 h.
General procedure for the reductive cleavage of domino adducts 25: 5 ml dry THF was added to a mixture of
200 mg (0.20 mmol) resin-bound nitroso acetal 25 and 40 mg (1.1 mmol) LiAlH4 and the reaction mixture was
stirred overnight at RT. The excess of LiAlH4 was eliminated by slowly adding 10 drops of NaHCO3 (sat.) and
10 drops of water. The reaction mixture was poured over a glass filter, drained and the resin was washed with
CH2Cl2 (3x 10 ml), H2O (2x10ml) and CH2Cl2 (3x 10 ml). The filtrate (organic phase) was dried with brine and
Na2SO4. The products were purified by passage through a short path of silica (eluent EtOAc/hexane 1% Et3N)
and analyzed by 1H-NMR and mass spectroscopy. The compounds were obtained as mixtures of diastereomers
were not separated.
1H-NMR (300 MHz; CDCl3) Characteristics of product 26-e; acetal proton (HC-6) 4.89-5.10 ppm; benzylic
proton (HC-2) 5.72-5.88 ppm. Mass Analysis Characteristics of product 26a-e:
Methyl 6-ethoxy-3a-(hydroxymethyl)-4-phenylperhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (26a)
CIMS (rel. int.) m/z: 356 (MH+, 0.05), 310 (-HOEt, 0.6), 309(2.2), 308(5.0), 280(97.6),
279(97.8), 251(48.3), 149(29.5), 145(28.3), 104(100), 91(59.3), 77(41.4).
Methyl 6-ethoxy-3a-(hydroxymethyl)-4-(3-pyridyl)perhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate
(26b)
CIMS (rel. int.) m/z: 357 (MH+, 0.00), 310(-HOEt, 4), 293(14), 280(19), 251(5), 174(18),
149(76), 104(100), 91(37), 77(65), 71(41).
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Methyl 6-ethoxy-3a-(hydroxymethyl)-4-(1H-pyrrol-2-yl)perhydroisoxazolo[2,3-b][1,2]oxazine-2-
carboxylate (26c)
CIMS (rel. int.) m/z: 344 (M+, 0.03), 298(-HOEt, 2.4), 297(12), 296(12), 268(13), 238(87),
220(25), 188(25), 160(54), 150(29), 134(100), 122(46), 104(46), 94(39), 91(37), 80(37),
77(44), 71(15), 67(43).
Methyl 6-ethoxy-4-(2-furyl)-3a-(hydroxymethyl)perhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (26d)
CIMS (rel. int.) m/z: 346 (MH+, 13), 299(37), 270(67), 269(55), 178(52), 137(63), 123(100),
104(40), 95(59), 94(55), 91(37), 81(35), 67(23).
Methyl 6-ethoxy-3a-(hydroxymethyl)-4-isopropylperhydroisoxazolo[2,3-b][1,2]oxazine-2-carboxylate (26e)
CIMS (rel. int.) m/z: 322 (MH+, 1.59), 276(-HOEt, 4.3), 275(21.7), 246(89), 245(56),
230(18), 220(22), 205(40), 174(91), 168(45), 149(50), 142(50), 139(55), 104(68), 91(34),
77(24), 71(24).
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Chapter 8
Solid-phase Diels-Alder Reactions
in the Synthesis of Rigid Amino Alcohols and
Novel spiro-2,5-Diketopiperazine Derivatives
8.1 Introduction
2,5-Diketopiperazines (DKP’s), the smallest cyclic peptides (fig.1, 1a), have attracted
considerable attention in recent years.1 These small molecules are generally used as a rigid
scaffold on which potential pharmacophoric groups can be assembled. DKP-derivatives are
highly stable towards proteolysis1a and show a wide range of biological activities comprising
control of dopamine receptor activity, selectivity in the recognition of opioid receptors,
suppression of tumor cells growth and modulation of the activity of human plasminogen
activator inhibitor-1 (thrombotic disease), as recently described.2 Additional biological
applications such as highly selective collegenase-1 inhibitors and bradykinin antagonists were
found recently.3 Some examples of DKP-derivatives and their biological activities are given
in Figure 1.
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Figure 1. Structure of the DKP-skeleton and some biologically active derivatives
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Derivative 1b acts as neurological antagonist,4 1c acts as germination promoter,5 1d shows
antiproliferative activity,6 and 1e has shown to induce a decrease of food intake.7
Furthermore, the replacement of a dipeptide motif in a given natural substrate with a spiro-
DKP scaffold (e.g. 1d) has proven to effectively induce a so-called β-turn that results in a U-
shaped restrained conformation of the peptide backbone.8 This has given fundamental insight
into the mechanism of action of relevant biologically active peptides and proteins.9
In this chapter the utility of (resin-bound) nitroalkenes in the synthesis of rigid amino alcohols
7 and spiro-2,5-diketopiperazine (spiro-DKP) derivatives 8 is demonstrated, Scheme 1.
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Central feature in the synthesis is a solid-phase Diels-Alder reaction10 of butadiene 3 with
resin-bound nitroalkene 2, which is prepared via a microwave-assisted Knoevenagel
condensation (see chapter 7). Resin-bound amino ester 5 can be obtained after selective
reduction of the nitro group of resin-bound cycloadduct 4. Subsequent reduction of the ester
linkage will give rigid amino alcohol 7. Coupling of a Fmoc-protected amino acid to the
reduced amino ester 5 will yield the resin-bound dipeptide 6 after which Fmoc-deprotection
and a cyclization cleavage step11 will lead to the spiro-2,5-diketopiperazine (DKP) derivatives
8.
The route to spiro-2,5-diketopiperazines 8 presented in Scheme 1 allows the introduction of
several substituents at the DKP-ring by the use of Fmoc-protected amino acids (R3, R4) as
well as in the spiro-ring attached to the DKP-skeleton by the use of aldehydes (R1) and dienes
(R2). Application of different cycloaddition partners of the resin-bound nitroalkene 2 (e.g.
diene, 1,3-dipole) will result in structural variation and different ring sizes of the spiro-ring
attached to the DKP-skeleton, Figure 2.
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Figure 2. Structural and substituent variation
in the spiro-DKP skeleton
In the last part of this chapter, the automated synthesis of a 45 compound library of spiro-
DKP’s is described in which different R1, R2 and R3 substituents are introduced.
8.2 Results and discussion
8.2.1 Reduction of the Diels-Alder adduct
The synthesis of resin-bound nitroalkene 12, which is described in chapter 7, started with the
esterification of nitro acetic acid 10 to Wang resin 9 yielding resin-bound nitro acetic acid 11,
Scheme 2.
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O NO2
Ph
O
O
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Ph
O
O
NO2
HO
O
NO2
OH
DIC
O
Ph H
15 Kbar
[4 + 2]
Scheme 2
12
13
1411
NH4OAc, THF
20 min., 350 W
10
9
The formation of the nitroalkene 12 was realized in one step via a microwave-assisted
condensation (20 min., 350 Watt) of benzaldehyde (10 equiv.) to the resin-bound nitro acetic
acid 11, followed by dehydration.
First, the resin-bound nitroalkene was studied in a high-pressure promoted Diels-Alder
reaction. The resin-bound nitroalkene 12 was reacted with 2,3-dimethylbutadiene 13 under
high-pressure conditions (15 Kbar, RT) to yield the resin-bound cycloadduct 14. From this
point, the reduction of 14 using an excess of LiAlH4 in THF yielded stereoselectively the
cyclic cis-phenyl ethylamine 16, which was acylated to 17 for the purpose of proper analysis,
Scheme 3.
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The stereoselective formation of 16 from a diastereomeric mixture of two resin-bound
cycloadducts, obtained from an E:Z mixture of resin-bound nitroalkene 12, can be explained
by assuming the intermediate generation of an aci-nitro intermediate 15 from the
decarboxylation of the tertiary α-nitro ester 14. The net decarboxylation of tertiary α-nitro
esters using LiAlH4 has been thoroughly investigated by Reinheckel and co-workers.12 The
ester reduction is relatively fast compared to reduction of the nitro group and the nitroalcohol
is formed as an intermediate. Formaldehyde is eliminated from the nitroalcohol, after which
reduction of the nitro group results in formation of the amino alkane 16.
The formation of the stericly more hindered cis-isomer 16 from a mixture of cis- and trans-
cycloadducts 14 is in line with the explanation given by Zimmerman and co-workers for the
formation of the stericly more hindered cis-1-nitro-2-phenylcyclohexane from trans-1-nitro-2-
phenylcyclohexane.13 In the reduction of resin-bound 14 with LiAlH4, the hydride attack on
the essentially sp2-hybridized aci-nitro intermediate 15 is directed by the phenyl group and
takes place from the less hindered site (axial attack if phenyl group possesses an axial
position; equatorial attack if phenyl group possesses an equatorial position) which leads
selectively to the cis-phenyl ethylamine 16, Figure 3.14
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phenyl in axial position phenyl in equatorial position
Figure 3. Hydride attack on aci-nitro intermediate 15
+_ +_
The reaction was repeated in solution with model compound 25 and the same cis-phenyl
ethylamine 16, and its acylated analogue 17, were obtained after reduction with LiAlH4,
Scheme 4. In order to prove that the compound isolated after LiAlH4 reduction was the cis-
isomer of 17 and not the trans-isomer of 17, the latter compound was prepared separately.
The starting compound 20 was obtained after a high-pressure promoted Diels-Alder reaction
of β-nitrostyrene and 2,3-dimethylbutadiene. A Raney nickel catalyzed hydrogenation of 20
gave the phenyl ethylamine 17-trans. In all cases the reduction products were acylated and
GC-MS analysis showed the correct molecular weight for all compounds. Comparison of the
1H-NMR-spectra showed different shifts for the benzylic proton of 17-trans (2.8 ppm) and
17-cis (3.1 ppm), the acetate signals of the 17-trans (1.7 ppm) and 17-cis (1.9 ppm), and for
the double bond methyl groups of the 17-trans (one singlet) and 17-cis (double singlet). Thus,
evidence for the occurrence of epimerization at C-1 during the reduction of 14 was obtained.
It was also demonstrated that the arylethylamine 17-cis can be prepared directly from 20 by
using LiAlH4 as the reducing agent, Scheme 4.
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Another strategy leads to the synthesis of cyclic phenylethylamino alcohol 19, Scheme 3. The
nitro group of the resin-bound cycloadduct 14 was selectively reduced to the resin-bound
amino ester 18 using SnCl2.2H2O. Subsequent reduction of the ester linkage with LiAlH4
yielded 19a and 19b as a mixture of diastereomers in 25% overall yield. The assignment of
the relative configuration of diastereomers 19a (minor) and 19b (major) was based on the
results obtained from a 1H-NMR analysis of compounds 17-cis and 17-trans.
8.2.2 Isomerization of the nitroalkene
Some efforts were made to isomerize nitroalkene 24b, which was formed in an E:Z ratio of
1:3, to one single isomer. This was done in order to minimize the number of diastereomeric
products and to facilitate the analysis of the spiro-DKP’s and their intermediates. In the
literature, the nucleophile-mediated isomerization of alkyl- and/or phenyl-substituted
nitroalkenes with sodiumbenzene selenolate, triethylamine, or a catalytic amount of
triphenylphosphine has been described.15,16 For α-nitrocinnamates, however, only thermal
isomerization has been reported.17 For example, the Z-isomer of ethyl α-nitrocinnamate 24a
has been found to be the thermodynamically more stable isomer, Scheme 5.
RO
O
NO2
Ph H
RO
O
NO2
PhH
(E) (Z)
Scheme 5
24a R = Et
24b R = pMB
E-isomer
24a 5.71
6.40
2.76
6.87
Dipoles (debye) of nitroalkenes 24a and 24b
Z-isomer
24b
Heating the pure Z-isomer at 175 °C for 8 h resulted in a 1:1 mixture of the E- and Z-isomer.
At room temperature (in the dark), gradual isomerization of the E/Z-mixture again gave the
pure Z-isomer. In our case, the p-methoxybenzyl α-nitrocinnamates 24b were formed in a 1:3
ratio of E- and Z-isomers at RT. Attempts to isomerize the mixture towards the pure Z-isomer
with triphenylphosphine or Et3N in toluene at RT failed. However, pure Z-isomer was found
to crystallize out after storage of the E/Z-mixture for 2 weeks at RT in a mixture of heptane
and EtOAc. Isomerization of the thus obtained pure Z-isomer appeared to be solvent
dependent and was complete in Dd6MSO within 24 h (E:Z-mixture of 1:1). In CDCl3 and C6D6
isomerization was much slower and gave E:Z-mixtures of 1:1.3 and 1:2.1, Table 1.
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E:Z ratio time(days)dielectr. const.
CDCl3
(CD3)2SO
C6D6
4.8
47
2.3
1:1.3
1:1
1:2.1
4
1
5
solvent
Table 1. Solvent dependent E/Z ratios
a ratio determined by 1H-NMR
b time after which isomerisation stopped
a b
In our attempts to obtain the pure E or Z-isomer from the E:Z mixture in order to reduce the
number of spiro-DKP’s diastereomers, isomerization of the pure Z-isomer was observed
during the cycloaddition. The thermal Diels-Alder reaction of the pure Z-nitroalkene with 2,3-
dimethylbutadiene gave cycloadducts 25-trans and 25-cis in a 1:3 ratio after refluxing in
toluene. The high-pressure promoted Diels-Alder reaction of the pure Z-nitroalkene with 2,3-
dimethylbutadiene in dichloromethane gave cycloadducts 25-trans and 25-cis in a 1:1.3 ratio,
Figure 4.
pMBO
O NO2
Ph
pMBO
O NO2
Ph
25-cis25-trans
Figure 4. Cis- and trans-isomers of cycloadduct 25
The higher degree of isomerization found in the high-pressure promoted Diels-Alder reaction
might not only be due to the use of a more polar solvent but also to the accelerating effect of
high-pressure on the isomerization processes.18
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8.2.3 Synthesis of the spiro-DKP derivatives
The synthesis of the spiro-DKP’s was first carried out in solution, according to the route
outlined in Scheme 6.
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THF
0.5 M (6 eq.)
EtOAc
23
27
p-Methoxybenzyl alcohol 21 was esterified with nitro acetic acid using N,N’-
diisopropylcarbodiimide (DIC). The resulting ester 22 was used in a microwave-assisted
Knoevenagel reaction with benzaldehyde 23 (R1=Ph) to yield the corresponding nitroalkene
24 in 63% yield. A Diels-Alder reaction of 2,3-dimethylbutadiene with nitroalkene 24 in
refluxing toluene yielded cycloadduct 25 in 73% after 48 h. Selective reduction of the nitro-
group was carried out in 0.5 M SnCl2.2H2O in EtOAc and after stirring for 3 days at RT, a
diastereomeric mixture of the unnatural cyclic amino acid 26 was obtained in 56%.
The next steps were explored with the non-chiral amino acid glycine 27 (R2=R3=H) to
simplify the identification by avoiding the introduction of an extra chiral centre, which would
double the number of possible diastereomers (4 diastereomeric DKP’s). Coupling of the
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Fmoc-protected amino acid 27 was carried out with DIC/HOBT in THF and the dipeptide 28
was obtained in 87% yield. Deprotection of the Fmoc group in 20% piperidine-THF resulted
in formation of the unprotected dipeptide 29, which was cyclised in refluxing toluene
containing 5% HOAc, yielding the spiro-DKP 30a after 4 h in 89% yield, Scheme 6. The
overall yield of the 7-step synthesis was 11%.
Next, an attempt was made to transfer the route depicted in Scheme 6 to Wang and
hydroxymethylated polystyrene resin, Scheme 7.
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30a R1=Ph, R2=H, R3=H
30b R1=Ph, R2=CH3, R3=H
30c R1=Ph, R2=benzyl, R3=H
The first part of the synthesis has already been described in the first section of this chapter. It
was tried to speed up the reduction step (3 days) by varying the concentration of SnCl2.2H2O,
the temperature, and the solvent. The best results were obtained using a 1.0 M solution of
SnCl2.2H2O (20 equiv.) in DMF at RT. After 24 h, FT-IR analysis showed the complete
disappearance of the nitro-stretching vibration.19 Premature cyclization cleavage was
minimized using 50% piperidine in DMF (2x 5 min.) instead of 20% piperidine in DMF (20
min.).20 The so optimized solid-phase procedure was evaluated using benzaldehyde (R1=Ph)
in the Knoevenagel condensation and the Fmoc-protected amino acids glycine (R2=R3=H), L-
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alanine (R2=Me, R3=H), and L-phenylalanine (R2=benzyl, R3=H). This resulted after
cyclization cleavage in the isolation of the spiro-DKP’s 30a, 30b and 30c in overall yields of
10%, 12% and 17% yield, respectively, Scheme 7.
Finally, to get better insight in the scope of the reaction leading to the formation of DKP
derivatives a library of 45 compounds was generated using 5 different aldehydes
(benzaldehyde, p-methoxy benzaldehyde, p-fluoro benzaldehyde, piperonal aldehyde,
isobutyraldehyde) and 9 different Fmoc-protected (L)-amino acids (Gly, Ala, Phe, Trp, Leu,
Val, Pro, Gln, Met). The last 3 steps in the synthesis i.e. the amino acid coupling, the Fmoc-
deprotection, and the cyclization cleavage were carried out on a Syro Robot. After the
cyclization cleavage, the crude yields were determined and GC-MS analysis was performed
on several samples. Before LC-MS analysis, all samples were subjected to purification over a
small column (Al2O3). 1H-NMR-analysis of several samples was performed. It was not tried
to separate the formed diastereomers.
8.2.4 Results of the synthesis and analysis of the DKP library
It appeared from GC-MS analysis that despite an extensive washing procedure after the
Fmoc-deprotection step and before the cyclization cleavage step most of the crude reaction
mixtures showed contamination of the piperidine-Fmoc-adduct and/or some Fmoc-polymer.
These side products probably showed a strong adhesion to the resin, which prevented their
removal by washing. However, most likely during the cyclization cleavage step (5% HOAc in
refluxing toluene) the side products were released from the resin. In order to remove these
contaminations from the crude mixtures a purification step was carried out. The DKP mixture
was filtrated over a short column of alumina and MgSO4 using 50% ethanol in chloroform.
Although most of the side products were removed from the product mixtures by this
purification step, the major part of the DKP mixtures remained on the column, which resulted
in a very low yield after purification. Nevertheless, it was decided to perform LC-MS analysis
on all DKP derivatives in order to determine whether the automated DKP synthesis had been
successful or not. The results are summarized in Table 2 and some comments on the results
are given below:
• The purities of the mixtures varied from 30% to >95%. Phe, pMeO-Phe, pF-Phe and
piperonal DKP derivatives showed acceptable to good results in combination with all
amino acids except for the DKP’s substituted with glutamine.
Synthesis of Rigid Amino Alcohols and Novel spiro-2,5-Diketopiperazine Derivatives
149
NH2
O
N
S
MeO
MeO
MeO
MeO
MeO
MeO
MeO
MeO NH2
O
N
MeO
S
F
F
F
F NH2
O
F
S
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
NH2
O
N
O
O
S
NH2
O
F
F
F
F N
N
S
NHR3N
O
R1
O
R2
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purity
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1
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4
5
6
7
8
H
H
H
H
CH3
H
H
H
H
-CH2CH2CH2-
(CH3)2CHCH2
(CH3)2CH
H9
10
11
12
13
14
15
16
17
H
H
H
H
CH3
H
H
H
H
-CH2CH2CH2-
(CH3)2CHCH2-
(CH3)2CH-
H18
23
24
25
26
H
H
H
-CH2CH2CH2-
(CH3)2CHCH2
(CH3)2CH
H27
28
29
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32
33
34
35
H
H
H
H
CH3
H
H
H
H
-CH2CH2CH2-
(CH3)2CHCH2-
(CH3)2CH-
H36
entry R1 R2 R3 HPLC
purity
Mass [MH]+
(calcd.)
41
42
43
44
H
H
H
-CH2CH2CH2-
(CH3)2CHCH2
(CH3)2CH
(CH3)2CH
(CH3)2CH
(CH3)2CH
(CH3)2CH
19
20
21
22
H
H
H
H
CH3
H
37
38
39
40
H
H
H
H
CH3
H
(CH3)2CH
(CH3)2CH
(CH3)2CH
(CH3)2CH
50
30
75
-
30
90
90
90
>95
90
>95
>95
-
75
80
-
50
-
-
70
90
80
359
345
343&
-
377
329
343
419
459
358
371
369
-
404
265
(MH+-isopr)
-
291
-
-
265
299
(MH+-isopr)
338
(MH+-isopr)
>95
90
75
>95
60
70
>95
-
80
90
80
70
90
60
80
>95
-
50
85
90
60
50
285
299
375
415
341
327
325
-
359
315
329
406
445
371
357
355
-
390
303
317
393
433
yield *
(%)
yield *
(%)
19
10
11
9
19
14
6
15
9
12
16
14
11
18
-
5
7
7
10
6
8
10
7
8
18
11
18
13
25
11
18
8
10
10
11
15
8
18
9
11
10
12
23
11
45 H(CH3)2CH 30 283
(MH+-isopr)
14
Table 2. LC-MS analysis of 45 spiro-DKPs derivatives 30
* Yields are overall yields (7 steps) of the crude cleaved products (before purification over a short column of Al2O3)
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• None of the glutamine derivatives was isolated for LC-MS analysis although a crude
yield (before chromatography) is given. After acid catalyzed cyclization, cleavage the
free amide substituent is protonated and probably remains on the short column during the
purification step.
• The best results in terms of purity (95%) of the DKP’s were obtained with the aldehyde
piperonal (entry 28-36) and the amino acid Proline (entry 7, 16, 25, 34, 43).
• Most product mixtures showed the formation of a side product sometimes in high
concentrations (entry 22, 23, 24, 27, and 39, 40, 41, 45). The found mass of this side
product was equal to the molecular weight of the related DKP derivative minus the
molecular weight of the R1 substituent. This might indicate an elimination process (R1
elimination).21 The formation of the side product is most dominant in the case of R1= p-
fluorophenyl or R1= isopropyl.
• The DKP’s with an iso-propyl substituent were obtained in low purity and yield (entry
37-45). This might be and indication of a low conversion during the Knoevenagel
condensation. The R1 elimination product was the major product detected after LC and
mass spectroscopy.
• 
1H-NMR analysis of several samples (entry 3, 4, 5, 8, 11, 12, 13, 22, 31, 40) after
purification showed in most cases the characteristic amide-NH signals (5.2-6.8 ppm). In
some of the samples, extra (broad) signals were observed in the product mixtures,
probably originating from the piperidine-Fmoc adduct. In three of the samples (entry 11,
12, 13), unidentified contaminations with signals around 3.7-3.9 ppm and in the aliphatic
area were observed.
• Although the spectra were complex (mixtures of 4 diastereomers), it was concluded that
the purity of the analyzed samples was moderate to good. The expected high purities
(>90%) of the cleaved DKP derivatives as a result of the cyclization cleavage strategy
were only observed in 40% of the samples. The source of most contaminations is
probably due to insufficient removal of reagents after washing the resin in the last steps
and/or incomplete conversions of some of the Knoevenagel condensations.
• The LC-MS spectra only showed the MH+ signal and not a clear fragmentation pattern,
in contrast to the GC-MS analysis in which the analyzed proline-DKP derivatives
displayed a characteristic fragmentation pattern, Figure 5.
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Figure 5. Characteristic fragmentation pattern of proline spiro-DKP derivatives 12
+
.
+
R = Phenyl
R = pF-phenyl
R = pMeO-phenyl
R = piperonal
R = isopropyl
i ii
Fragmentation of the cyclohexene ring yielded fragment i, which gave after release of a
methyl radical the cyclobutene ii for all analyzed proline substituted DKP derivatives.
Evaluation of the DKP library
Although the purity and the crude yields of the DKP’s were acceptable to good, the last
purification step lowered the yield dramatically, which made analysis less accurate. From the
results depicted in Table 2 it can be concluded that the use of aldehydes with electron
withdrawing substituents (such as p-F-phenyl) as well as the use of aliphatic substituents
(isopropyl) influences the purity of the final product mixture after cleavage. However, to get
better insight in the scope of the reaction the synthetic procedure has to be repeated with an
improved purification step.
8.3 Conclusions
It has been demonstrated that resin-bound nitroalkenes are versatile building blocks in the
solid-phase synthesis of rigid arylethylamines and novel spiro-diketopiperazine derivatives.
The broad scope of the microwave-assisted Knoevenagel condensation for the generation of
the nitroalkenes has been demonstrated by the use of aliphatic and (hetero) aromatic
aldehydes. In a so-called traceless linkage, strategy 22 the ester linkage of the Diels-Alder
adduct was eliminated by reduction and cyclic cis-phenyl ethylamines 16 and 17 were
obtained. Selective reduction of the nitro group in the cycloadduct by SnCl2.2H2O, followed
by reduction of the ester linkage gave cyclic phenyl ethyl amino alcohol 19.
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Furthermore, optimization of the 7-step synthesis of novel spiro-diketopiperazine derivatives
was performed in solution as well as on the solid support. The use of high-pressure in the
Diels-Alder reaction was evaluated and this procedure appeared to be successful in
eliminating the need of a large excess of butadiene and high temperatures. Reduction of the
aliphatic nitro group of the resin-bound Diels-Alder adduct with SnCl2.2H2O has been
successfully optimized. One of advantages of the solid-phase synthesis is the fast separation
of resin-bound products from the reaction mixture and the possibility to automate the
synthesis by the use of a robot. The latter was demonstrated by the (partial) robotized
synthesis and analysis of a 45-compound library of DKP derivatives. Although the results of
the library synthesis were very promising, the synthesis has to be repeated with an optimized
final purification step in order to draw more reliable conclusions regarding the yields and
scope of the reactions.
8.4 Experimental section
1H-NMR and 13C-NMR analysis were carried out on a Bruker AC-100, a Bruker AC-300 or a Bruker AM-400
spectrometer. Chemical shift values are reported as δ values (in ppm) relative to tetramethylsilane or CDCl3 as
an internal standard. The coupling constants (J) are given in Hz. Gas chromatography was performed on a
Hewlett Packard 5710A GC-instrument equipped with a capillary HP cross-linked methyl silicone (25m x 0.31
mm) column. FT-IR spectra were measured on a Bio-Rad FTS-25 single-beam spectrometer. (High resolution)
Mass spectra were obtained with a double focusing VG7070E mass spectrometer. GC-MS analysis was carried
out on a Varian Saturn II GC/MS by on-column injection (DB-1 column, length 30 m, internal diameter 0.25
mm, film thickness 0.25 µm. Elemental analyses were carried out on a Carlo Erba Instruments CHNSO EA 1108
element analyzer. Melting points were determined with a Reichert Thermopan microscope and are uncorrected.
Analytical thin layer chromatography was carried out on Merck precoated silica gel 60 F254 plates (thickness
0.25 mm). Spots were visualized with UV, I2 or a 6.2% H2SO4 aqueous solution (1 l), containing ammonium
molybdate (42 g), and ceric ammonium sulphate (3.6 g), followed by charring. Column chromatography was
carried out using Merck silica gel 60, 0.063-0.200 mm (70-230 mesh). When necessary, solvents were distilled
and dried according to standard procedures. The "piston down" high-pressure apparatus operating at a pressure
range of 1-15 Kbar has been described.23
Preparation 2-nitro acetic acid (10) 24
61 g (1.0 mol) nitro methane was added slowly to a solution of 224 g (4.0 mmol) potassium
hydroxide in 110 ml water. Self-condensation of nitro methane is highly exothermic and the
round-bottomed flask should be equipped with an efficient condenser. The reaction mixture was
refluxed for 1 h and after cooling to RT, the light brown product is filtered off, washed with cold methanol (2x20
ml) and dried under reduced pressure after which 64 g (0.35 mmol, 35%) of the dipotassium salt of nitroacetate
was obtained. A cold solution of 66 g (0.4 mol) of l-tartaric acid in 100 ml water was added to 40 g (0.22 mol) of
the dipotassium salt in 100 ml water at -10°C. After stirring for 30 min. the mixture was filtered off, the filtrate
saturated with sodium chloride and extracted with ether (6x80ml). To avoid decomposition of the nitro acetic
acid the reaction mixture was kept at 0°C. The dried (Na2SO4) ether extracts were evaporated under reduced
pressure and the remaining yellow oil was dissolved in chloroform (30 ml) and the solvent was evaporated. This
process was repeated until nitro acetic acid precipitated as a white solid. Nitro acetic acid was obtained in an
overall yield of 38% (14 g, 0.13 mol), m.p. 81-82°. Further purification was achieved by crystallization from
dichloromethane. FT-IR analysis: 3200 cm-1 (OH, broad), 1735 cm-1 (C=O), 1557/1391 cm-1 (NO2). 1H-NMR
(100 MHz, CDCl3): 5.25(2H, s, CH2). Anal. Calcd for C2H3NO4: C, 22.87; H, 2.88; N, 13.33. Found C, 22.99; H,
3.16; N, 13.49.
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Experimental procedure for the coupling of nitro acetic acid to the resin (11):
70 ml dry THF was added to a mixture of 5.00 g (5.0 mmol) of Wang resin (p-
benzyloxybenzyl alcohol functionalized polystyrene resin 100-200 mesh; 0.99 mmol/g) and
2.70 g (20 mmol) of 1-hydroxy benzotriazole (HOBT) under argon atmosphere. 2.50 g (20
mmol) of DIC was added and slowly 3.15 g (30 mmol) nitro acetic acid 10 in 10 ml THF was added while the
reaction mixture was stirred gently at 0 °C for 30 min. After stirring for an additional 17 h at RT the resin was
rinsed with CH2Cl2 (3x10ml), MeOH (2x10ml), DMF (2x10ml), H2O (2x10ml), DMF (2x10ml), MeOH
(2x10ml) and CH2Cl2 (3x10ml) and dried for at least 2 h at 70 °C in vacuum (1 mm Hg). The use of DCC is not
recommended because of the problematic removal of the (poorly soluble) DCU side product from the resin.
Representative experimental procedure for microwave-assisted Knoevenagel condensation (12):
10 ml of THF was added to a mixture of 500 mg (0.5 mmol) resin-bound nitro acetic acid 11,
5 mmol (10 equiv.) aldehyde and 38 mg (0.5 mmol) ammonium acetate in a 25 ml bulb and
stirred in the microwave for 20 min. at 350 W. The reaction mixture was poured over a glass
filter, drained and the resin was rinsed with CH2Cl2 (3x10ml), MeOH (2x10ml) and CH2Cl2
(3x10ml) and dried for at least 2 h at 70 °C in vacuum (1 mm Hg).
Representative experimental procedure for the high-pressure promoted Diels-Alder reaction (14): 1.00 g (1.0
mmol) resin-bound nitroalkene 12 was placed in a 15 ml Teflon vessel with 906 mg (11.0
mmol; 11 equiv.) 2,3 dimethylbutadiene 13 with CHCl3 as the solvent. The Teflon vessel
was placed in the high-pressure apparatus at a pressure of 15 Kbar at 20 °C for 20 h. After
depressurization, the reaction mixture was poured over a glass filter, drained and the resin
was washed with CH2Cl2 (3x10 ml), MeOH (2x10 ml) and CH2Cl2 (3x10 ml). The resin
was dried at 70 °C under reduced pressure for at least 2 h. The increase in weight of the resin was a measure of
the amount of cycloadduct formed on the resin. The use of high-pressure was preferred over refluxing in toluene
in view of shorter reaction times and higher yields. 4-methoxybenzyl (E/Z)-2-nitro-3-phenyl-2-propenoate (25)
reacted with 2,3-dimethylbutadiene (13) in refluxing toluene for 48 h yielding 73% of cycloadduct (26): at 15
Kbar, RT, 18 h, the yield was 86%.
Experimental procedure for reductive cleavage of Diels-Alder adduct 14:
20 ml dry THF was added to a mixture of 1.00 g (1.0 mmol) resin-bound cycloadduct 14 and 400 mg (10 mmol)
LiAlH4 and the reaction mixture was stirred for 18 h at RT. The excess of LiAlH4 was eliminated by slowly
adding 5 ml of water and 1 N HCl solution to reach pH 2-3. The reaction mixture was poured over a glass filter,
drained and the resin was washed with ether and water. After ether extraction of the water layer 1N NaOH
solution was added to reach a pH 9-10. An extraction with CHCl3 (5x25 ml) was performed after saturation of
the water layer with NaCl. The organic layer was dried over MgSO4. 82 mg (0.41 mmol) of product 16 was
obtained as a white solid after passage through a short path of silica gel (eluent CHCl3/MeOH 10:1) and
analyzed by 1H-NMR and mass spectroscopy.
3,4-Dimethyl-6-phenylcyclohex-3-en-1-amine (16)
1H-NMR-decoupling (300 MHz, CDCl3/CD3OH, 308 K): 7.39-7.11 (5H, m, Ph), 3.57-3.52
(1H, m, H-1), 3.27 (1H, m, H-6), 3.00 (2H, s, NH2), 2.45-2.32 (2H, m, H-2, H-5), 2.11-1.94
(2H, (b) m, H-2', H-5'), 1.73 (3H, s, CH3), 1.71 (3H, s, CH3). 13C-NMR-dept (75 MHz,
CDCl3/CD3OH): 139.2, 128.8, 128.0 127.4, 125.3, 121.9, 50.2, 40.7, 34.0(CH2), 33.6(CH2),
18.5 (CH3), 18.4 (CH3). GC-MS (rel. int.) m/z: 227 (M+26, 4), 212, (5), 201 (M+, 12), 184 (14), 169 (22), 154
(4), 141 (11), 128 (13), 119 (100), 110 (83), 91 (38), 77 (18).
Acylation was carried out by solving 82 mg (0.41 mmol) 16 in 1 ml of CH2Cl2 and adding 1.0 ml Ac2O, 1.0 ml
pyridine and a spoon tip of DMAP. The reaction mixture was stirred for 24 h after which 25 ml of EtOAc was
added. Pyridine was removed by washing the organic layer with 0.1 N HCl solution (3x 20 ml). After drying the
organic phase over MgSO4, removal of the solvents in vacuo and purification by column chromatography
(EtOAc/heptane 1:1) yielded 97 mg (0.40 mmol) of 7. Overall yield starting from the Wang resin was 40%.
N1-[(1,6 cis)-3,4-dimethyl-6-phenylcyclohex-3-enyl]acetamide (17-cis)
17-cis m.p. 114-116 °C. 1H-NMR-decoupling (300 MHz, CDCl3): 7.33-7.16 (5H, m, Ph),
5.19 (1H, (b) d, J = 8.4, NH), 4.49-4.40 (1H, m, H-1), 3.19 (1H, (b) q, J = 4.6, J1,6 = 5.4, H-
6), 2.58 (1H, (b)dd, J = 5.3, 17.3, H-2), 2.27-2.13 (3H, (b) m, H-2', H-5), 1.90 (3H, s, CH3),
1.72 (3H, s, CH3), 1.67 (3H, s, CH3). 13C-NMR-dept (75 MHz, CDCl3): 169.3, 141.9, 128.7,
128.1 126.6, 125.0, 123.9, 47.3, 41.5, 35.7(CH2), 35.4(CH2), 23.5(Ac-CH3), 19.0 (CH3), 18.7 (CH3). GC-MS
(rel. int.) m/z: 244 (MH+, 100), 184 (32), 169 (29), 154 (7), 141 (9), 128 (5), 119 (12), 105 (2), 91 (11), 77 (3), 60
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(9). 43 (40). FT-IR (cm-1) 3285(NH), 1645(HNC=O). C16H21NO (243): calcd. C 78.97, H 8.70, N 5.76; found C
78.69, H 8.35, N 5.79.
LiAlH4 reduction of the pMB-ester (24b)
190 mg (0.48 mmol) 24b in 20 ml dry THF was slowly added to a suspension of 200 mg (5.3 mmol) LiAlH4 in
25 ml THF at 0 °C. After stirring for 18 h the excess of LiAlH4 was eliminated by slowly adding 5 ml of 1N HCl
solution. THF was evaporated and 50 ml Et2O was added. Another 5 ml of 1N HCl solution was added and the
aqueous phase was extracted with 2x 50 ml Et2O. A solution of 1N NaOH was added to the aqueous phase until
a pH of 9-10 was reached. The aqueous phase was now extracted with 3x 25 ml CHCl3. Evaporation of the
CHCl3 yielded 55 mg (0.27 mmol, 57%) of amine 16. Evaporation of the Et2O fraction yielded 73 mg (0.53
mmol, 110%) of p-methoxybenzylalcohol. GC-MS (rel. int.) m/z: 228 (M+27, 100), 212 (18), 202 (MH+, 22),
184 (21), 169 (46), 154 (11), 141 (15), 130 (26), 119 (72), 110 (62), 91 (48), 77 (21).
55 mg (0.27 mmol) of amine 16 was acylated by stirring in 0.5 ml Ac2O and 1.0 ml pyridine for 64 h. 5 ml
EtOAc was added and the mixture was washed with 3x 10 ml 1N HCl solution. After drying over MgSO4
solvents and excess of anhydride were evaporated. Silica gel column chromatography (EtOAc/heptane 1:1)
yielded 60 mg (0.25 mmol, 92%) acylated amine 17-cis.
1,2-Dimethyl-4-nitro-5-phenylcyclohex-1-ene (20)
2.07 g (25.2 mmol) 2,3-dimethylbutadiene was added to 900 mg (6.04 mmol) nitrostyrene in
15 ml of chloroform in a 25 ml bulb. After refluxing for 3 days conversion of the nitroalkene
was 90% (GC-analysis). The solvents were removed after crystallization from methanol 1.16 g
(5.0 mmol, 83%) of 20 was obtained.
When the reaction was carried out at 15 Kbar and RT with 737 mg (4.9 mmol) nitrostyrene and 821 mg (10.0
mmol) 2,3-dimethylbutadiene (13) in 7.5 ml dichloromethane, complete conversion of nitrostyrene within 15 h
was observed. After evaporation of the excess of butadiene and crystallization from methanol 1.06 g (4.6 mmol,
95%) 20 was obtained. 20 trans: mp. 96-97 °C; 1H-NMR-decoupling (300 MHz, CDCl3): 7.36-7.19 (5H, m, Ph),
4.98-4.89 (1H, m, H-1), 3.39 (1H, (br) dd, J = 7.6, 9.6, H-6), 2.81-2.73 (1H, (br) m, H-2), 2.56 (2H, dd, J = 4.6,
16.3, H-2'), 2.31 (2H, (b) d, J = 16.0.3, H-5), 1.68 (3H, s, CH3), 1.64 (3H, s, CH3).
3,4-Dimethyl-6-phenylcyclohex-3-en-1-amine (16)
250 mg (1.08 mmol) 21 was dissolved in 20 ml MeOH and a spoon tip of Raney nickel was
added. The reaction mixture was stirred at 40 atm. H2, 80 °C for 2 h in a steel autoclave. The
mixture was filtered over hyflo and rinsed with MeOH. After evaporation of the solvent 181 mg
(0.90 mmol, 83%) of amine 16 was obtained as a clear colorless oil. Longer reaction times
resulted besides nitro reduction in reduction of the C=C bond. At RT and 20 atm H2 conversion of 21 was
complete after 16 h.
1H-NMR-decoupling (300 MHz, CDCl3): 7.33-7.18 (5H, m, Ph), 3.15 (1H, dt, J = 5.3, 10.1, H-1), 2.53 (1H, dt, J
= 6.5, 10.3, H-6), 2.29-2.13 (3H, (br) m, H-2, H-5), 1.98 (1H, (b) m, H-2'), 1.67 (3H, s, CH3), 1.62 (3H, s, CH3).
GC-MS (rel. int.) m/z: 202 (MH+, 19), 184 (11), 169 (8), 154 (2), 141 (5), 128 (7), 119 (100), 110 (57), 91 (16),
77 (8). Amine 16 was acylated according to the procedure described above and 17-trans was obtained in 76%.
N1-[(1,6 trans)-3,4-dimethyl-6-phenylcyclohex-3-enyl]acetamide (17)-trans:
1H-NMR-decoupling (300 MHz, CDCl3): 7.23-7.07 (5H, m, Ph), 5.43 (1H, (b) d, J = 8.0,
NH), 4.27-4.19 (1H, m, H-1), 2.85 (1H, m, J = 7.8, J1,6 = 10.4, H-6), 2.42 (1H, dd, J = 4.0,
16.7, H-2), 2.25 (2H, d, J = 7.5, H-5), 1.96 (1H, d, J = 16.9, H-2'), 1.67 (3H, s, CH3), 1.56
(6H, s, CH3).13C-NMR-dept (75 MHz, CDCl3): 169.4, 142.9, 128.3, 128.22, 127.3, 126.3,
125.0, 123.8, 49.1, 45.7, 40.2(CH2), 38.3(CH2), 23.1(Ac-CH3), 18.6 (CH3), 18.3 (CH3). GC-MS (rel. int.) m/z:
244 (MH+, 100), 184 (49), 169 (38), 154 (8), 141 (10), 128 (7), 119 (14), 105 (4), 91 (13), 77 (5), 60 (13), 43
(46). Some characteristic differences between cis and trans 17: J1-6 trans = 8 Hz, J1-6 cis = 5.4 Hz; the appearance
of the CH3 signals at the double bond as two separate singlets (cis) or a one singlet (trans). Energy minimization
of 17-cis gave the most stable conformer in which the AcNH-group is in the axial position and the phenyl group
is in the equatorial position. Energy minimization of 17-trans gave the most stable conformer in which both the
AcNH-group and the phenyl group are in the equatorial position. Whereas in 17-trans the methyl groups at the
C=C bond do not "feel" the AcNH-group and appear as a singlet the axial position of the AcNH-group in 17-cis
could have an effect on one of the methyl group at the C=C bond and appear as to separate singlets.
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17-cis
AcNH- group in axial position
phenyl-group in equatorial position
Heat of Formation: -28.0 kcal/mole
H1-H6 =2.5A
17-trans
AcNH- and phenyl-group
in equatorial position
Heat of Formation: -28.8 kcal/mole
H1-H6 =3.1 A (176.9 A)
Figure 5. Mopac minimised structures of 17-cis and 17-trans
LiAlH4 reduction of 20
467 mg (2.02 mmol) 20 in 25 ml dry THF was slowly added to a suspension of 414 mg (10.9 mmol) LiAlH4 in
25 ml THF at 0 °C. After stirring for 18 h, the excess of LiAlH4 was eliminated by slowly adding 5 ml of 1N
HCl solution. The workup procedure described above was followed. Evaporation of the CHCl3 yielded 170 mg
(0.85 mmol, 42%) of amine 16. Evaporation of the Et2O fraction yielded 248 mg (1.07 mmol, 53%) of
unreduced cis-20. GC-MS (rel. int.) m/z: 228) M+27, 100), 212 (18), 202 (MH+, 22), 184 (21), 169 (46), 154
(11), 141 (15), 130 (26), 119 (72), 110 (62), 91 (48), 77 (21).
170 mg (0.85 mmol) of amine 16 was acylated by stirring in 0.5 ml Ac2O and 1.0 ml pyridine for 64 h. 5 ml
EtOAc was added and the mixture was washed with 3x 10 ml 1N HCl solution. After drying over MgSO4
solvents and excess of anhydride were evaporated. Silica gel column chromatography (EtOAc/heptane 1:1)
yielded 185 mg (0.76 mmol, 89%) acylated amine 17-cis.
Experimental procedure for selective nitro reduction of 14 and subsequent reductive cleavage of 18:
2.37 g (10 mol; 10 equiv.) SnCl2.2H2O was added to 1.11 g (1.1 mmol) resin-bound
cycloadduct 14 in 5 ml of DMF in a 25 ml flask with magnetic stirrer. After stirring for 4 h
at RT, the reaction mixture was poured over a glass filter, drained and the resin was
washed with DMF (20 ml), MeOH (2x10 ml) and CH2Cl2 (3x10 ml). The resin was dried
at 70 °C under reduced pressure for at least 2 h. FT-IR analysis of the resin showed
complete disappearance of the NO2 signal at 1561 cm-1 but also a less intense C=O signal at 1735 cm-1 which
might indicate partial hydrolysis of the ester linkage. Cleavage of the products was achieved by adding 200 mg
(5 mmol) LiAlH4 to 513 mg (0.5 mmol) 18 in 15 ml THF. After stirring for 20 h at RT a workup as described in
reductive cleavage of Diels-Alder adduct 14 was followed. Purification over a silica gel column (eluent CHCl3:
MeOH=10:1 with 1% AcOH) the 29 mg (0.13 mmol) amino alcohol 19 was isolated as a mixture of two
diastereomers in 25% overall yield from resin coupling of 10.
trans-(1-Amino-3,4-dimethyl-6-phenylcyclohex-3-enyl)methanol (19)
1H-NMR (300 MHz, CDCl3, 298-318K): 7.38-7.21 (5H, m, Ph), 3.28 (2H, AB, Jab = 10.7,
18.9, CH2OH), 2.94 (1H, t, J = 6.4, H-6), 2.44 (1H, (b) dd, J NH-H2 = 8.9, JH2-H2' = 16.3, H-2),
2.26 (1H, (b) dd, JNH-H2' = 4.6, JH2'-H2 = 18.2, H-2'), 2.19 (1H, (b) d, JH5-H5' = 18.3, H-5), 1.89
(1H, (b) d, JH5'-H5 = 17.6, H-5'), 1.71 (3H, (b) s, OH, NH2), 1.68 (6H, s, CH3). GC-MS (rel.
int.) m/z: 257 (M+26, 9), 232 (MH+, 16), 212 (2), 200 (100), 183 (45), 175 (23), 166 (46), 149
(74), 140 (83), 122 (41), 110 (53), 91 (72), 77 (48).
cis-(1-Amino-3,4-dimethyl-6-phenylcyclohex-3-enyl)methanol (19)
1H-NMR (300 MHz, CDCl3): 7.32-7.19 (5H, m, Ph), 3.31 (2H, (b) s, CH2OH), 3.14 (1H, m,
H-6), 2.99 (3H, (b) s, OH, NH2), 2.56 (1H, (b) d, JH2-H2' = 16.9, H-2), 2.29 (1H, (b) d, JH2'-H2 =
18.5, H-2'), 2.13 (1H, (b) d, JH5-H5' = 16.3, H-5), 1.90 (1H, (b) d, JH5'-H5 = 17.6, H-5'), 1.73 (3H,
s, CH3), 1.71 (3H, s, CH3). GC-MS (rel. int.) m/z: 257 (M+26, 14), 232 (MH+, 5), 212 (6), 200
(27), 183 (19), 175 (47), 166 (100), 136 (66), 115 (27), 91 (58), 77 (32).
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Esterification of nitro acetic acid
4-Methoxybenzyl 2-nitroacetate (22)
A solution of 13.9 g (110 mmol) DIC in THF 20 ml was added to a solution of 3.1
g (22 mmol) p-methoxybenzyl alcohol 21 in 10 ml THF. The reaction mixture
was stirred and cooled to 0°C. 11.7 g (110 mmol) Nitro acetic acid was dissolved
in 20 ml THF and added over a period of 1 h. The reaction mixture was stirred for
3 h at 0 °C and then overnight at RT. The crude reaction mixture was purified by
column chromatography using silica gel (EtOAc /heptane 1:1) and yielded 3.8 g (17 mmol, 76%) ester 22 as a
yellow oil. 1H-NMR (100 MHz, CDCl3): 7.35 (2H, d, Jab = 9.0, Ar), 6.89 (2H, d, Jab = 9.0, Ar), 5.21 (2H, s, H-2),
5.15 (2H, s, H-1), 3.81 (3H, s, OCH3). Rf = 0.66 (EtOAc/heptane 1:1).
Microwave-assisted nitroalkene synthesis
(E/Z) 4-Methoxybenzyl-2-nitro-3-phenylprop-2-enoate (24)
A mixture of 2.0 g (9 mmol) nitro ester 23, 9.0 g (90 mmol, 10 equiv.) benzaldehyde and 0.1
g (1 mmol, 1 equiv.) ammonium acetate were dissolved in 30 ml THF in a 100 ml bulb and
exposed to microwave irradiation for 20 min. using a modified microwave oven operating at
500 W (equipped with a condenser). The conversion of the ester was monitored with TLC.
Evaporation of the solvent and chromatographical purification using silica gel
(EtOAc/heptane 4/6), afforded 1.7 g (5.4 mmol, 63%) of nitroalkene 24 in a E/Z-ratio of 1/2 respectively (The
E/Z-ratio was derived from 1H-NMR analysis; integration of the H-3 signals at 8.0 ppm (E) and at 7.5 ppm (Z).
24(Z) 1H-NMR (100 MHz, CDCl3): 7.51(1H, s, H-3), 7.36-6.83 (9H, m, Ph), 5.24 (2H, s, CH2), 3.76 (3H, s,
OCH3). Rf = 0.33 (EtOAc/heptane 1:1).
24(E) 1H-NMR (100 MHz, CDCl3): 8.01(H, s, H-3), 7.38-6.81 (9H, m, Ph), 5.31 (2H, s, CH2), 3.76 (3H, s,
OCH3). Rf = 0.30 (EtOAc/heptane 1:1).
Conversion of E:Z nitroalkene to Z-nitroalkene (24-Z)
2.0 g of a mixture of nitroalkene 24-E and 24-Z was dissolved in 80 ml (EtOAc/heptane 4/6). The mixture was
kept at RT and after 2 weeks precipitation was observed. 1H-NMR-analysis indicated that the precipitate
consisted of pure Z-isomer. M.p. 63-64 °C.
High-pressure promoted Diels-Alder reaction
4-Methoxybenzyl 3,4-dimethyl-1-nitro-6-phenylcyclohex-3-ene-1-carboxylate (25)
2.0 g (6.4 mmol) nitroalkene 24-E/Z and 2.0 g (24 mmol) 2,3-dimethyl-1,3-butadiene
(13) were dissolved in CH2Cl2 in a 15 ml Teflon vessel. The closed tube was placed at
15 Kbar, RT for 48 h. After depressurization the products were purified by column
chromatography using silica gel and EtOAc/heptane (2:8) as eluent and 2.18 g (5.5
mmol, 86%) of 25 was obtained. 1H-NMR analysis showed the presence of two
diastereoisomers 25-trans/25-cis in a ratio of resp. 1/3 ratio. The 25-trans/25-cis ratio was derived from
integration of the H-6 signal (4.05 ppm was assigned to 25-trans and 3.98 ppm was assigned to 25-cis. The
major diastereomer 25-cis was isolated as white solid after crystallization from EtOAc/heptane m.p. 145-146 °C.
25-trans: 1H-NMR (300 MHz, CDCl3): 7.25-6.84 (9H, m, Ph), 5.03-4.86 (2H, d, Jab = 11.8, CH2O), 4.05 (1H, d,
J = 7.6, H-6), 3.82 (3H, s, OCH3), 2.95 (1H, d, J = 18, CH2-ring), 2.84 (2H, d, J = 20.0, CH2-ring), 2.24 (1H, d, J
= 18.0, CH2-ring) 1.70 (3H, s, CH3), 1.67 (3H, s, CH3).
25-cis: 1H-NMR (300 MHz, CDCl3): 7.25-6.84 (9H, m, Ph), 5.22-5.04 (2H, d, Jab = 11.9, CH2O), 3.98 (1H, d, J =
7.4, H-6), 3.82 (3H, s, OCH3), 2.95 (1H, d, J = 18.0, CH2-ring), 2.84 (2H, d, J = 20.0), 2.24 (1H, d, J = 18.0,
CH2-ring), 1.70 (3H, s, CH3), 1.67 (3H, s, CH3).
Thermally promoted Diels-Alder reaction
0.45 g (1.4 mmol) nitroalkene 24-trans/24-cis and 1.2 g (14 mmol) 2,3-dimethyl-1,3-butadiene were dissolved in
20 ml toluene. After refluxing for 24 h an additional 1.2 g (14 mmol) 2,3-dimethyl-1,3-butadiene was added and
after 48 h the reaction mixture was concentrated in vacuo. Products were purified by column chromatography
using silica gel and EtOAc/heptane (2:8) as eluent. Two diastereomers 25-trans/25-cis were obtained in 73%
(0.40 g, 1.0 mmol) and formed in a ratio of 2/3.
Reduction of the aliphatic nitro group
4-Methoxybenzyl 1-amino-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (26-cis)
0.2 g (0.5 mmol) cycloadduct 25-cis was dissolved in 6 ml EtOAc in which 0.7 g (3
mmol) SnCl2.2H2O was dissolved. After stirring for 3 days at RT TLC-analysis showed
complete conversion of the starting compound. A solution of NaHCO3 (sat.) was added to
the reaction mixture (pH 7-8) and the precipitate was filtered over hyflo. The aqueous
layer was extracted with CHCl3 (4x25ml) and the extract was washed with water (20 ml)
MeO
O
O
NO21
2
1
pMBO
O
NO2
Ph
1 2
3
pMBO
O NO2
Ph
1
2
3
45
6
pMBO
O NH2
Ph
1
2
3
45
6
Synthesis of Rigid Amino Alcohols and Novel spiro-2,5-Diketopiperazine Derivatives
157
NH
NH
O
Ph
O
5
4
3 1
6
7 8
910
11
2
and brine (20 ml). The organic layer was dried with MgSO4, filtered off and concentrated under reduced
pressure. Purification by column chromatography using silica gel and EtOAc/heptane (1:1) as eluent yielded
0.10 g (0.28 mmol, 56%) of amine 26-cis. Rf = 0.17 (EtOAc/heptane 1:1). 1H-NMR (300 MHz, CDCl3): 7.19-
6.07 (7H, m, Ar), 6,84 (2H, d, J = 14.2, Ar), 4.95 (1H, d, Jab = 12.0, CH2O), 4.90 (1H, d, Jab = 12.0, CH2O), 3.81
(3H, s, OCH3), 3.02 (1H, t, J = 5.2, H-6), 2.54 (2H, d, J = 16.5, CH2-ring), 2.36 (1H, d, J = 5.2, CH2-ring), 2.04
(1H, d, J = 17.7, CH2-ring), 1.71 (3H, s, CH3), 1.70 (3H, s, CH3), 1.70 (2H, s (br), NH2).
Synthesis of the Fmoc-protected dipeptide
4-Methoxybenzyl-1-[(2-[(9H-fluoren-9-ylmethoxy)carbonyl]aminoacetyl)amino]-3,4-dimethyl-6-
phenylcyclohex-3-ene-1-carboxylate (28-cis)
0.2 g (0.9 mmol) Fmoc protected glycine 27, 0.1 g (0.3 mmol) amine 26-cis and 0.1 g
(9 mmol) HOBT were dissolved in 5 ml dry THF. 0.15 g (1 mmol) DIC in 5 ml was
added drop wise and after stirring for 4 h at RT TLC-analysis showed complete
conversion of 26-cis. Evaporation of the solvent under reduced pressure and
purification by column chromatography using silica gel and EtOAc/heptane (3:7) as
eluent yielded 0.16 g (0.26 mmol, 87%) of the Fmoc protected dipeptide 28-cis. G.C.
ret. time (method a) 7.15 min. Rf = 0.17 (EtOAc/ Heptane 1:1). 28-cis: 1H-NMR (300 MHz, decoupled, CDCl3;
7.76-6.80 (17H, m, Ar), 6.70 (1H, s (br), NH), 5.51 (1H, s (br), NH), 4.96 (2H, s, CH2O), 4.37 (2H, d, J = 7.1,
Fmoc-CH2), 4.19 (1H, t, J = 7.1, Fmoc-H9), 3.80-3.77 (5H, m, CH2NH, OCH3), 3.46 (1H, t, J = 6.0, H-6), 2.79
(1H, d (br), J = 17.8, H-2), 2.58 (1H, d (br), J = 17.8, H-2'), 2.38 (2H, s (br), H-5), 1.65 (6H, s, CH3).
Deprotection of Fmoc-protected dipeptide
4-Methoxybenzyl 1-[(2-aminoacetyl)amino]-3,4-dimethyl-6-phenylcyclohex-3-ene-1-carboxylate (29-cis)
0.16 g (0.25 mmol) Fmoc-protected dipeptide 28-cis was stirred for 30 min. in a solution
of 20% piperidine in THF. The solvents were removed by freeze drying and after
purification by silica gel column chromatography using EtOAc/heptane (1:1) as eluent 75
mg (0.18 mmol, 72%) of 29-cis was obtained in Rf = 0.17 (EtOAc/ Heptane 1:1) 1H-NMR
(300 MHz, CDCl3): 7.82 (1H, s (br), NH), 7.28-6.80 (9H, m, Ar), 4.95 (2H, t, J = 12.0,
CH2O), 3.80 (3H, s, OCH3), 3.48 (1H, t, J = 6.0, H-6), 3.25 (2H, s, CH2NH), 2.80 (1H, d,
J = 18.0, H-2), 2.59 (1H, d, J = 18.0, H-2), 2.53 (1H, d, J = 18.0, H-5), 2.35 (1H, d, J = 18.0, H-2), 1.73 (2H, s
(br), NH2), 1.70 (3H, s, CH3), 1.67 (3H, s, CH3).
Cyclization of dipeptide
8,9-Dimethyl-11-phenyl-1,4-diazaspiro[5.5]undec-8-ene-2,5-dione (30a-cis)
75 mg (0.18 mmol) dipeptide 29-cis was cyclised in 10 ml of a solution of 5% HOAc in
toluene. The reaction mixture was refluxed for 3 h and monitored by TLC-analysis. The
product was separated from the formed p-methoxybenzyl alcohol by silica gel column
chromatography using EtOAc/heptane (8:2) as eluent yielding 45 mg (0.16 mmol, 89%) of
diketopiperazine 30a-cis. The other diastereomer 30a-trans was obtained after separation of a
30a-trans/30a-cis mixture obtained by the same route as described for 30a-cis, Figure 6.
30a-trans GC ret. time (method a), 13.11 min. GC-MS analysis showed the characteristic fragmentation pattern
for the spiro-DKP’s: m/z = 284(MH+), 158,143. M.p. 187-188 °C. 1H-NMR (300 MHz, CDCl3): 7.31-7.21 (5H,
Ph), 6.06 (1H, s (br), NH), 5.62 (1H, s (br), NH), 3.56 (1H, dd, JH2-NH = 4.0, J = 17.4, H-3), 3.01 (1H, dd, J = 5.7,
8.1, H-11), 2.88 (1H, d, J = 17.5, H-3'), 2.78-2.72 (2H, m, H-7, H-10), 2.39 (1H, dd, J = 4.2, 18.1, H-10'), 2.02
(1H, d (br), J = 17.9, H-7'), 1.75 (3H, s, CH3), 1.72 (3H, s, CH3). 13C-NMR-DEPT (75 MHz, CDCl3): 18.6 (Me),
18.9 (Me), 33.0, 42.8, 44.6 (CH2), 47.0 (C-11), 61.7 (C-6), 121.6(C-9), 125.0 (C-8), 128.1, 128.8, 129.0 (Ph),
138.5 (Ph, ipso), 165.5 (C-2), 169.4 (C-5).
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Figure 6. Spatial orientation of spiro-diketopiperazine 30-trans and 30-cis
30a-cis GC ret. time (method a), 13.27 min. GC-MS: m/z = 284 (MH+), 158, 143. M.p. 204-206 °C. 1H-NMR
(300 MHz, CDCl3): 7.31 (5H, s, Ph), 6.25 (1H, s (br), NH), 5.27 (1H, s (br), NH), 3.49 (1H, dd, J = 2.7, 16.8, H-
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3'), 3.39 (1H, dd, J = 6.0, 12.3, H-11), 3.25 (1H, d(br), J = 16.2, H-7'), 2.72 (1H, d, J = 17.2, H-3), 2.57 (1H,
t(br), J = 18, H-10), 2.25 (1H, dd(br), J = 5.3, 18, H-10'), 2.12 (1H, d, J = 17.5, H-7), 1.73 (3H, s, CH3), 1.70 (3H,
s, CH3). 13C-NMR (75 MHz, CDCl3), 18.6 (Me), 18.7 (Me), 35.2, 43.1, 44.5 (CH2), 49.7 (C-11), 61.1 (C-6),
122.1(C-9), 125.5 (C-8), 128.3, 128.5, 129.7 (Ph), 139.3 (Ph, ipso), 167.6 (C-2), 169.3 (C-5).
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Scheme 7. FT-IR analysis of the Merrifield resin before and after esterification
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Scheme 8. FT-IR analysis of the Merrifield resin after the Knoevenagel condensation
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C=C disappears
Scheme 9. FT-IR analysis of the Merrifield resin after the cycloaddition
NO2 disappears
Scheme 10. FT-IR analysis of the Merrifield resin after the reduction
General procedures for the solid-phase synthesis of spiro-DKP’s (30.1-30.45)
General procedure 1: preparation of resin-bound nitro acetic acid
A solution of nitro acetic acid (6 equiv.) in THF was slowly added to a mixture of Wang-resin (or Merrifield-OH
resin) and DIC (6 equiv.) at 0 °C. The reaction mixture was stirred for 1 h at 0 °C and an additional 18 h at RT.
The resin was thoroughly washed with DMF (2x25 ml), MeOH (2x25 ml), CH2Cl2 (2x25 ml), Et2O (2x25 ml)
and dried in vacuum at 70 °C.
General procedure 2: microwave-assisted nitroalkene synthesis
A mixture of resin-bound nitroacetate, aldehyde (10 equiv.) and ammonium acetate (0.5 equiv.) in THF was
exposed to microwave irradiation for 20 min. using a modified microwave operating at 500 W equipped with a
condenser. The resin was then thoroughly washed with DMF (2x25 ml), MeOH (2x25 ml), CH2Cl2 (2x25 ml),
Et2O (2x25 ml) and dried in vacuum at 70 °C.
General procedure 3: thermally promoted Diels-Alder
2,3-Dimethylbutadiene (10 equiv.) was added to a suspension of resin-bound nitroalkene in toluene and an
additional 10 equiv. 2,3-dimethylbutadiene was added after 24 h refluxing. After refluxing for 2 days the resin
was poured over a glass filter, drained and thoroughly washed with DMF (2x25 ml), MeOH (2x25 ml), CH2Cl2
(2x25 ml), Et2O (2x25 ml) and dried in vacuum at 70 °C.
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O NO2
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General procedure 4: synthesis of the dipeptide
A solution of Fmoc protected glycine (3 equiv.) in DMF was added slowly to a mixture of resin-bound amine
and DIC (3 equiv.) at RT. The reaction mixture was stirred for 4 h at 0 °C (the esterification was followed by a
bromophenol blue test) after which it was poured over a glass filter, drained and thoroughly washed with DMF
(2x25 ml), MeOH (2x25 ml), CH2Cl2 (2x25 ml), Et2O (2x25 ml) and dried in vacuum at 70 °C.
General procedure 5: Fmoc deprotection
A solution of 20% piperidine in THF was added to the resin-bound Fmoc-protected dipeptide and the reaction
mixture was stirred for 20 min. After removal of the solvents the procedure was repeated in order to ensure
complete deprotection. The resin was then poured over a glass filter, drained and thoroughly washed with DMF
(2x25 ml), MeOH (2x25 ml), CH2Cl2 (2x25 ml), Et2O (2x25 ml) and dried in vacuum at 70 °C.
General procedure 6: cyclization cleavage
A solution of 5% acetic acid in toluene was added to the resin-bound dipeptide and the reaction mixture was
refluxed for 3 h. The mixture was cooled to RT after which the resin was washed with toluene (2x10 ml) and
CH2Cl2 (2x10 ml). The filtrate was collected for TLC-, GC- and NMR-analysis of the cleaved spiro-DKP.
Solid-phase synthesis of spiro-DKP’s (30a-trans, 30a-cis) using the Wang resin
Preparation of Wang-bound nitroacetate
Wang-bound nitroacetate was prepared according to general procedure 1 using 0.53 g (5.0 mmol) nitro acetic
acid in 10 ml THF, 1.08 g (1.1 mmol) Wang resin and 0.94 g (7.5 mmol, 1.1 ml) DIC in 50 ml dry THF. FT-IR
analysis: 1755 cm-1 (C=O) and 1563 cm-1 (NO2) and disappearance of the OH stretch at 3600 cm-1.
Solid-phase synthesis of Wang-bound nitroalkene
Wang-bound nitroalkene was prepared according to general procedure 2 using 1.14 g Wang-bound nitroacetate
(1.1 mmol), 1.04 g (9.8 mmol) benzaldehyde and 50 mg (0.6 mmol) ammonium acetate in 20 ml THF in a 50 ml
bulb. FT-IR analysis: 1639 cm-1 (C=C).
Thermally promoted Diels-Alder reaction
Wang-bound cycloadduct was prepared according to general procedure 3 using 0.97 g Wang-bound nitroalkene
(1.0 mmol), 0.93 g (11 mmol) 2,3-dimethyl-1,3-butadiene in 60 ml toluene. FT-IR analysis: disappearance of the
signal at 1639 cm-1.
Nitro reduction using SnCl2.2H2O in EtOAc (0.5M, 6 equiv.)
1.38 g (6.1 mmol) SnCl2.2H2O was added to 0.87 g (0.9 mmol) Wang-bound adduct in 12 ml EtOAc. The
suspension was stirred at RT for 3 days under argon atmosphere. The resin was poured over a glass filter,
drained and thoroughly washed with DMF (4x25 ml) and 20 ml of 50 % Et3N/THF. FT-IR analysis: absence of
1563 cm-1 (NO2).
Coupling of Wang-bound amino ester with Fmoc-protected glycine
The Wang-bound dipeptide was prepared according to general procedure 4 using 0.65 g (2.1 mmol) of Fmoc-
protected glycine in 5 ml DMF, 0.74 g (0.7 mmol) Wang-bound amine and 0.28 g (2.2 mmol) DIC in 20 ml
DMF. One drop of bromophenol blue was added as indicator. After stirring for 2 h at RT the reaction mixture
turned from blue to yellow indicating the absence of free amine. After stirring for an additional 2 h the resin was
washed. FT-IR analysis: 1755 cm-1 (C=O, ester), 1712 cm-1(C=O, amide).
Fmoc deprotection of Wang-bound dipeptide
The Wang-bound dipeptide was deprotected according to general procedure 5 using 0.86 g
(0.8 mmol) Wang-bound amine. An indication of the conversion was given by gravimetric
analysis of the formed dibenzofulvene-piperidine adduct. Concentration of the filtrate
yielded 0.14 g (0.53 mmol) of the dibenzofulvene-piperidine adduct.
1-(9H-Fluoren-9-ylmethyl)piperidine: 1H-NMR (100 MHz, CDCl3): 7.74-7.67 (4H, m,
ar), 7.37-7.21 (4H, m, ar), 4.03 (1H, t, J = 8.0, C-9), 2.59-2.54 (6H, m, C-1,2,6), 1.71-1.64
(4H, m, C-3,5), 1.55-143 (2H, m, C-4).
Cyclization cleavage of the Wang-bound dipeptide
The products were cleaved from the Wang-resin according to general procedure 6 using 0.78 g (0.8 mmol) of
resin-bound dipeptide and 40 ml of toluene/acetic acid solution. Although FT-IR analysis showed still some
characteristic non-resin signals (carbonyl/amide) a repetition of the cyclization cleavage step did not higher the
yield of spiro-DKP. GC analysis of the filtrate showed the presence of two compounds which were identified as
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diastereomers 30a-trans and 30a-cis (ratio 2/3) and obtained in 11% (34 mg) overall yield. The diastereomeric
ratio was derived from 1H-NMR analysis by integration of the H-1 signals at 3.00 ppm, which was assigned to
30a-trans and the H-1 signal at 3.39 ppm, which was assigned to 30a-cis. For detailed 1H-NMR characteristics
of 30a-trans and 30a-cis see solution chemistry section above.
Solid-phase synthesis of spiro-DKP’s (30a-trans, 30a-cis) using the Merrifield-OH resin
Merrifield-bound nitroacetate was prepared according to general procedure 1 1.29 g (1.3 mmol) Merrifield-OH
resin, 0.71 g (6.8 mmol) nitro acetic acid in 10 ml THF and 0.91 g (7.2 mmol, 1.1 ml) DIC in 50 ml dry THF.
FT-IR analysis of the resin showed the typical ester and nitro signals at 1755 and 1563 cm-1.
Merrifield-bound nitroalkene was prepared according to general procedure 2 using 1.12 g Merrifield-bound
nitroacetate (1.1 mmol) in 20 ml THF, 1.36 g (13 mmol) benzaldehyde and 70 mg (0.9 mmol) ammonium
acetate. FT-IR analysis: 1639 cm-1 (C=C).
Merrifield-bound cycloadduct was prepared according to general procedure 3 using 1.09 g Merrifield-bound
nitroalkene (1.1 mmol) in 60 ml toluene and 1.19 g (15 mmol) 2,3-dimethyl-1,3-butadiene. After refluxing for 24
h and additional 1.06 g (12 mmol) of 2,3-dimethyl-1,3-butadiene was added to the reaction mixture. FT-IR
analysis: disappearance of 1639 cm-1.
1.41 g (6.3 mmol) SnCl2.2H2O in 12 ml EtOAc was added to 0.92 g (0.9 mmol) of Merrifield-bound adduct at
RT. For experimental procedure see nitro reduction on the Wang-resin.
Merrifield-bound dipeptide was prepared according to general procedure 4 using 0.73 g (2.5 mmol) of Fmoc-
protected glycine in 5 ml DMF, 0.82 g (0.8 mmol) Merrifield-bound amine and 0.32 g (2.5 mmol) DIC in 20 ml
DMF. FT-IR analysis: 1755 cm-1 (C=O, ester), 1712 cm-1(C=O, amide).
The Merrifield-bound dipeptide was deprotected according to general procedure 5 using 0.86 g (0.9 mmol)
Wang-bound amine in 10 ml of (20% piperidine in THF). Concentration of the filtrate yielded 0.11 g (0.41
mmol) of the dibenzofulvene-piperidine adduct.
The products were cleaved from the resin according to general procedure 6 using 0.74 g (0.7 mmol) of resin-
bound dipeptide and 40 ml of toluene/acetic acid solution. Although FT-IR analysis showed still some
characteristic non-resin signals (carbonyl/amide) a repetition of the cyclization cleavage step did not higher the
yield of spiro-DKP. GC analysis of the filtrate showed the presence of two compounds which were identified as
diastereomers 30a-trans and 30a-cis (ratio 2/3) and obtained in 9% (33 mg) overall yield. For detailed 1H-NMR
characteristics of 30a-trans and 30a-cis see solution chemistry section (see above).
Effect of the high-pressure promoted Diels-Alder reaction on the overall yield of spiro-DKP 30a
Wang-bound nitroacetate was prepared according to general procedure 1 using 5.0 g (5.0 mmol) Wang resin, 3.2
g (30 mmol) nitro acetic acid in 60 ml THF and 4.2 g (33 mmol, 4.9 ml) DIC in 100 ml THF. The resin-bound
nitroalkene was prepared according to general procedure 2 using 1.13 g (1.1 mmol) of Wang-bound nitroacetate
in 20 ml THF, 1.27 g (12 mmol) benzaldehyde and 0.06 g (0.9 mmol) ammonium acetate. 0.25 g (3 mmol) 2,3-
dimethylbutadiene was added to a suspension of 1.21 g Wang-bound nitroalkene (1.0 mmol) in CH2Cl2 (15 ml)
with a catalytic amount of radical inhibitor. The suspension was kept at a pressure of 15 Kbar, RT for 24 h. FT-
IR analysis of the resin showed a (reduced) signal at 1642 cm-1 that indicated incomplete conversion of the
nitroalkene. The cycloaddition was repeated using 0.31 g of 2,3-dimethylbutadiene. After another 24 h at 15
Kbar, RT, FT-IR analysis of the resin showed complete disappearance of the signal at 1639 cm-1. Reduction of
the nitro group was carried out by adding 1.46 g (7.1 mmol) SnCl2.2H2O in 14 ml EtOAc to 1.28 g of resin-
bound cycloadduct at RT (see above). Coupling of Wang-bound amino ester with Fmoc protected glycine was
carried out using 0.83 g (2.7 mmol) of Fmoc-protected glycine in 5 ml DMF, 0.9 g (0.9 mmol) Wang-bound
amine and 0.41 g (2.9 mmol) DIC in 20 ml DMF (general procedure 4). The Fmoc-deprotection was carried out
using 0.9 g (0.9 mmol) Wang-bound amine in 10 ml of 20% piperidine in THF (general procedure 5).
Cyclization cleavage of 0.9 g (0.9 mmol) of resin-bound dipeptide in 40 ml 5% acetic acid in toluene (general
procedure 6) yielded diastereoisomers 30a-trans and 30a-cis in a ratio of 1/3 in 12% (38 mg). Although the
diastereomeric ratio of the cleaved products changed from 2/3 to 1/3 by using high-pressure no significant
difference was observed in terms of purity (GC- and NMR analysis) and yield between the Diels-Alder reaction
carried out under reflux (11%) or high-pressure conditions (12%).
Solid-phase synthesis and isolation of L-alanine substituted spiro-DKP’s
3,8,9-Trimethyl-11-phenyl-1,4-diazaspiro[5.5]undec-8-ene-2,5-dione (30b)
Merrifield bound nitro acetic acid was prepared according to the general procedure 1 using
0.83 g (6.3 mmol) nitro acetic acid in 5 ml THF, 1.0 g (1.0 mmol) Merrifield resin and 0.77 g
(6.1 mmol, 0.9 ml) DIC in 10 ml THF. Resin-bound nitroalkene was prepared according the
general procedure 2 using 1.0 g (~1.1 mmol) resin-bound nitroacetate in 20 ml THF, 1.0 g
(10 mmol) benzaldehyde and 0.2 g (1.0 mmol) ammonium acetate. Resin-bound cycloadduct
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was prepared using 1.0-g (1.0 mmol) resin-bound nitroalkene and 1.8 g (10 mmol) 2,3-dimethylbutadiene in 20
ml toluene (general procedure 6). Nitro reduction was carried out by adding 4.5 g (20 mmol) SnCl2.2H2O and 20
ml DMF to 1.0 g of the Merrifield-bound nitro adduct at RT for 24 h. Coupling of Fmoc protected L-alanine was
conducted using 1.0 g of the resin-bound amines, 0.9 g (3 mmol) Fmoc protected L-alanine in 10 ml dry THF.
0.4 g (0.4 ml, 3 mmol) DIC in 2 ml THF was added over a period of 15 min (general procedure 3). Deprotection
was carried out using 0.9 g of the resin-bound Fmoc-dipeptide and 10 ml of 20% piperidine in THF (general
procedure 5). Cyclization cleavage (general procedure 5) using 0.9 g of the resin-bound dipeptide and 20 ml 5%
acetic acid in toluene yielded 36 mg (12 %) of the 4 diastereomeric spiro-DKP’s of 30b as a white solid. GC-MS
and 1H-NMR analysis confirmed the formation of 4 diastereomers of 30b in a 2:2:3:3 ratio. The diastereomers
were separated by silica gel chromatography using EtOAc/heptane (4:1) as eluent.
30b (diastereomer 1) GC retention time 12.24 min. (method a). GC-MS: m/z = 298 (MH+), 158, 143. 1H-NMR
(300 MHz, decoupled), CDCl3/CD3OD): 7.29-7.21 (5H, m, Ph), 3.02 (1H, dd, J = 5.3, 9.8, H-11), 2.84-2.74 (1H,
m, H-10), 2.66-2.55 (2H, m, H-7, H-3), 2.30 (1H, dd, J = 4.9, 17.3, H-10'), 2.16 (1H, d, J = 17.9, H-7'), 1.74 (3H,
s, CH3), 1.71 (3H, s, CH3), 1.18 (3H, d, J = 6.9, CH3).
30b (diastereomer 2) GC retention time 12.46 min. (method a). GC-MS: m/z = 298 (MH+), 158, 143. 1H-NMR
(300 MHz, decoupled), CDCl3): 7.29 (5H, s, Ph), 6.22 (1H, s (br), NH), 5.40 (1H, s (br), NH), 3.38 (1H, dd, J =
6.0, 12.3, H-11), 3.24 (1H, d, J = 17.2, H-7), 2.77 (1H, q, J = 6.9, H-3), 2.63-2.52 (1H, m, H-10), 2.25 (1H, dd
(br), J = 5.2, 18.2, H10'), 2.05 (1H, d, J = 11.7, H7'), 1.72 (3H, s, CH3), 1.69 (3H, s, CH3), 1.21 (3H, d, J = 6.9,
CH3).
30b (diastereomer 3) GC retention time 13.04 min. (method a). GC-MS: m/z = 298 (MH+), 158, 143. 1H-NMR
(300 MHz, decoupled), CDCl3): 7.28 (5H, s, Ph), 6.27 (1H, s (br), NH), 5.76 (1H, s (br), NH), 3.88 (1H, dq, J =
1.8, 7.0, H-3), 3.48 (1H, dd, J = 6.2, 12.2, H-11), 3.16 (1H, d (br), J = 16.8, H-7), 2.57-2.46 (1H, m, H-10), 2.24
(1H, dd, J = 6.3, 18.4, H-10'), 2.16 (1H, d (br), J = 17.3, H-7'), 1.72 (3H, s, CH3), 1.68 (3H, s, CH3), 0.63 (3H, d,
J = 7.0, CH3).
30b (diastereomer 4) GC retention time 13.20 min. (method a). GC-MS: m/z = 298 (MH+), 158, 143. 1H-NMR
(300 MHz, decoupled), CDCl3): 7.30-7.21 (5H, m, Ph), 7.00 (1H, s (br), NH), 6.31 (1H, s (br), NH), 3.92 (1H,
dq, J = 2.5, 7.0, H-3), 2.98-2.86 (2H, m, H-10, H-11), 2.70 (1H, d (br), J = 17.8, H-7), 2.35 (1H, d (br), J = 16.2,
H-10'), 2.16 (1H, d (br), J = 16.9, H-7'), 1.73 (3H, s, CH3), 1.69 (3H, s, CH3), 0.80 (3H, d, J = 7.0, CH3).
Solid-phase synthesis of L-phenylalanine substituted spiro-DKP’s
3-Benzyl-8,9-dimethyl-11-phenyl-1,4-diazaspiro[5.5]undec-8-ene-2,5-dione (30c)
The Merrifield bound nitro acetic acid was prepared according to general procedure 1
using 1.1 g (1.1 mmol) Merrifield resin, 0.71 g (6.8 mmol) nitro acetic acid in 5 ml THF,
and 0.83 g (6.5 mmol, 1 ml) DIC in 10 ml THF. The Merrifield bound nitroalkene was
prepared according to general procedure 2 using 1.1 g (~1.1 mmol) resin-bound
nitroacetate in 20 ml THF, 1.1 g (11 mmol) benzaldehyde) and 0.2 g (1.0 mmol)
ammonium acetate. The Merrifield bound cycloadduct was prepared according to general
procedure 3, using 1.1 g (1.0 mmol) resin-bound nitroalkene and 3.8 g (21 mmol) 2,3-
dimethylbutadiene in 40 ml toluene. 5.2 g (23 mmol) SnCl2.2H2O and 23 ml DMF were added to 1.1 g of the
Merrifield-bound nitro adduct at RT. The suspension was stirred for 24 h under argon atmosphere after which
the resin was poured over a glass filter, drained and washed with DMF, MeOH, CH2Cl2 and diethyl ether
(2x25ml). After washing the resin-bound amine with 20 ml 50% Et3N/THF the resin was washed with DMF,
MeOH, CH2Cl2 and Et2O (2x25 ml) and dried in vacuum. Amino acid coupling was carried out according to the
general couplings procedure 4 with 1.0 g of the resin-bound amine and 1.1 g (3 mmol) Fmoc protected L-
phenylalanine in 10 ml dry THF. 0.4 ml (0.4 g, 3 mmol) DIC in 2 ml THF was added over a period of 15 min.
The deprotection was carried out according to general procedure 4, using 1.0 g of the resin-bound Fmoc-
dipeptide and 10 ml 50% piperidine in THF. The cyclization cleavage (general procedure 6) was carried out
using 1.09 g of the resin-bound dipeptide and 20 ml 5% acetic acid in toluene. Evaporation of the solvents in the
filtrate yielded 62 mg (17 %) of a white solid. Cyclization cleavage yielded a mixture of 4 diastereomeric of
DKP 30c which were analyzed with GC-MS. GC-MS analysis showed the characteristic fragmentation pattern
for the spiro-DKP’s: m/z = 375(MH+), 158,143 with characteristic retention times (method A) at resp. 16.88,
17.16 and 17.89 min. Several attempts to separate the mixture of diastereomers (silica gel chromatography)
failed.
Synthesis of Rigid Amino Alcohols and Novel spiro-2,5-Diketopiperazine Derivatives
163
Library synthesis spiro-DKP derivatives
General procedure 1: microwave-assisted nitroalkene synthesis
A mixture of Merrifield-bound nitroacetate 11, aldehyde (10 equiv.) and ammonium acetate (0.5 equiv.) in 50 ml
THF was exposed to microwave irradiation for 20 minutes, using a modified microwave, equipped with a
condenser operating at 500 W. After irradiation the reaction mixture was cooled to RT. The resin was poured
over a glass filter, drained and thoroughly washed with DMF (2x25ml), MeOH (2x25ml), CH2Cl2 (2x25ml) and
Et2O (2x25ml). The resin was dried under vacuum at 70 °C.
General procedure 2: The thermally promoted Diels-Alder
To a suspension of Merrifield-bound nitroalkene 12 in toluene, 2,3-dimethyl-1,3-butadiene (10 equiv.) was
added and the suspension was refluxed. After 24 h, another 10 equiv. of 2,3-dimethyl-1,3-butadiene was added
to the reaction mixture, which was refluxed for an additional 24 h. The resin was poured over a glass filter,
drained and thoroughly washed with DMF (2x25ml), MeOH (2x25ml), CH2Cl2 (2x25ml) and Et2O (2x25ml).
The resin was dried under vacuum at 70 °C.
General procedure 3: Reduction of the nitro group
SnCl2.2H2O (20 equiv., 1.0 M) in DMF was added to the Merrifield-bound cycloadducts 14 at RT. The
suspension was allowed to mix at RT for 24 h under an argon atmosphere. The resin was then poured over a
glass filter, drained and thoroughly washed with DMF (2x25ml), MeOH (2x25ml), CH2Cl2 (2x25ml) and Et2O
(2x25ml). The resin-bound amine was washed with 20 ml 50% Et3N/THF to obtain the free amine. Finally the
resin was washed again with DMF (2x25ml), MeOH (2x25ml), CH2Cl2 (2x25ml) and Et2O (2x25ml). The resin
was dried under vacuum at 70 °C.
Preparation of the Merrifield-bound nitroacetate (11)
A solution of DIC (38 ml, 32 g, 0.26 mol) in 100 ml THF was added to a suspension of Merrifield-OH resin 9
(30.7 g, 45 mmol) in 300 ml THF. The mixture was stirred and cooled to 0°C. Nitro acetic acid 10 (28 g, 0.27
mol) in 100 ml THF was then added over a period of 1 h. The reaction mixture was brought to RT and stirred
overnight. The resin was then poured over a glass filter, drained and thoroughly washed with DMF (2x25ml),
MeOH (2x25ml), CH2Cl2 (2x25ml) and Et2O (2x25ml). The resin was dried under vacuum at 70 °C.
FT-IR analysis of the resin revealed the presence of the OH stretch of the resin at 3500 cm-1, indicating that the
esterification was not complete. The esterification procedure was repeated after which FT-IR analysis showed
complete disappearance of the OH stretch of the resin, indicating a full occupation of the resin and the
characteristic ester and nitro absorptions at 1755 and 1563 cm-1 respectively.
Preparation of resin-bound nitroalkene 12a (R=Phe)
The Merrifield-bound nitroalkene was prepared according the general procedure 1 using 2.63 g resin-bound
nitroacetate (3.8 mmol), 3.97 g (37 mmol) benzaldehyde and 0.2 g (1.8 mmol) ammonium acetate. FT-IR
analysis of the resin showed the characteristic C=C stretch at 1639 cm-1.
Preparation of resin-bound nitroalkene 12b (R=p-MeO-Phe)
The Merrifield-bound nitroalkene was prepared according the general procedure 1 using 2.58 g resin-bound
nitroacetate (3.7 mmol), 5.1 g (38 mmol) p-methoxy-benzaldehyde and 0.2 g (1.9 mmol) ammonium acetate. FT-
IR analysis of the resin showed the characteristic C=C stretch at 1638 cm-1.
Preparation of resin-bound nitroalkene 12c (R=p-F-Phe)
The Merrifield-bound nitroalkene was prepared according the general procedure 1 using 2.62 g resin-bound
nitroacetate (3.7 mmol), 4.5 g (38 mmol) p-fluoro-benzaldehyde and 0.2 g (1.9 mmol) ammonium acetate. FT-IR
analysis of the resin showed the characteristic C=C stretch at 1641 cm-1.
Preparation of resin-bound nitroalkene 12d (R=piperonal)
The Merrifield-bound nitroalkene was prepared according the general procedure 1 using 2.64 g resin-bound
nitroacetate (3.7 mmol), 5.5 g (38 mmol) piperonal and 0.2 g (1.9 mmol) ammonium acetate. FT-IR analysis of
the resin showed the characteristic C=C stretch at 1637 cm-1.
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Preparation of resin-bound nitroalkene 12e (R=isopropyl)
The Merrifield-bound nitroalkene was prepared according the general procedure 1 using 2.56 g resin-bound
nitroacetate (3.7 mmol), 4.5 g (38 mmol) isobutyraldehyde and 0.4 g (3.8 mmol) ammonium acetate. FT-IR
analysis of the resin showed the characteristic C=C stretch at 1666 cm-1.
Preparation of resin-bound cycloadducts 14a-e
The Merrifield-bound cycloadduct was prepared according to the general procedure 2 using 3.0 g (37 mmol) 2,3-
dimethyl-1,3-butadiene in 50 ml toluene and :
3.06 g Merrifield-bound nitroalkene 14a
2.92 g Merrifield-bound nitroalkene 14b
2.81 g Merrifield-bound nitroalkene 14c
3.07 g Merrifield-bound nitroalkene 14d
2.39 g Merrifield-bound nitroalkene 14e
FT-IR analysis of resins 14a-d showed the disappearance of the double bond stretches of the nitroalkenes. FT-IR
analysis of resins 14e showed still the presence of the double bond at 1666 cm-1, indicating that conversion was
not complete.
Preparation of resin-bound amines 18a-e
The Merrifield-bound amino ester 18a was prepared according to general procedure 3 using 2.35 g Merrifield-
bound cycloadduct 14a, 68 ml (1.0 M) SnCl2.2H2O in DMF.
The Merrifield-bound amino ester 18b was prepared according to general procedure 3 using 2.73 g Merrifield-
bound cycloadduct 14b, 80 ml (1.0 M) SnCl2.2H2O in DMF.
The Merrifield-bound amino ester 18c was prepared according to general procedure 3 using 2.61 g Merrifield-
bound cycloadduct 14c, 76 ml (1.0 M) SnCl2.2H2O in DMF.
The Merrifield-bound amino ester 18d was prepared according to general procedure 3 using 2.53 g Merrifield-
bound cycloadduct 14d, 72 ml (1.0 M) SnCl2.2H2O in DMF.
The Merrifield-bound amino ester 18e was prepared according to general procedure 3 using 2.08 g Merrifield-
bound cycloadduct 26e, 60 ml (1.0 M) SnCl2.2H2O in DMF.
FT-IR analysis of all resins showed complete disappearance of the nitro-stretch at 1556 cm-1.
Robotized amino acid coupling, deprotection and cyclization cleavage
The last three steps of the synthesis were carried out on a fully automated Syrro 2 robot. The library was
synthesized in a parallel way, using 5 Merrifield-bound amino esters 18a-e and 9 L-amino acids (glycine,
alanine, phenylalanine, tryptophan, leucine, valine, proline, glutamine, methionine). The 5 resin-bound amino
esters 5 were each divided into 9 portions (0.2 g resin-bound amine per reaction vessel, 9x5 reaction vessels).
Each portion of Merrifield-bound amino ester was then reacted with an Fmoc protected L-amino acids. The
coupling was performed by adding to the Merrifield-bound amino esters: 2.0 ml of a 0.3 M solution of the
corresponding Fmoc protected L-amino acid, 0.1 ml of 50 % DIC in DMF and 0.1 ml of 2.4 M HOBT in DMF.
The resin was stirred for 4 h, filtered off and thoroughly washed with DMF (4x0.4ml) and MeOH (2x0.4ml).
This coupling procedure was repeated in order to ensure optimal conversion. After the second coupling the resin
was thoroughly washed with DMF (4x0.4ml), MeOH (2x0.4ml) and DCE (2x0.4 ml). Fmoc deprotection of the
Merrifield-bound dipeptides 28 was achieved by treatment of the resin with 2.0 ml (50% piperidine/DMF) for 2
times 5 min. After this deprotection step the resins were thoroughly washed with DMF (4x0.4ml), MeOH
(2x0.4ml) and DCE (2x0.4 ml) in order to remove all Fmoc remnants. After deprotection and washing, the linear
dipeptides 29 were cyclised in 5 ml 5% acetic acid/toluene. The solution was refluxed for 2 h after which the
cleaved products were separated from the resin by filtration. In order to maximize the cleavage of the product
from the resin, the resin was washed with 5.0 ml of a hot 5% acetic acid/toluene mixture. The solvents were
evaporated by standing on air, after which the product mixtures were dried in vacuo at 70 °C. The crude yields of
the products 30.1-30.45 were determined (table 2). A considerable amount of "Fmoc-polymer was found in the
product mixtures, which was removed by dissolving the product mixtures in 50% EtOH/CHCl3 and filtration
over a small Al2O3/MgSO4 column. GC-MS analysis of 16 samples (random) showed sometimes contamination
of the spiro-DKP’s with the dibenzofulvene-piperidine adduct (ret. time: 10.3 minutes).
LC-MS analysis of all samples was performed, using a Sciex API150-EX (single quadrupole), coupled to 2
Perkin Elmer micropumps (series 200). UV-spectrophotometer used is a Perkin Elmer 785A at 254 nm. The
ESLD (evaporation light scattering detection) is the sedex 55 from Sedere. MS parameters: APCI method:
positive scanning area of 150 tot 750 step 1. (2 scans/sec; 350 °C, 2µA on the corona-needle).
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LC-analysis: 2.8 min/cycle (flushed with eluent A; 2.5 min. eluent B; 0.3 min. eluent A). Eluent A = 95% water
5% acetonitril with 10 mmol ammonium acetate and 0.25% HCOOH; Eluent B = 100% acetonitril with 0.25%
HCOOH. RP Column: Waters Xterra MS column, 30*4.6 mm, C18; dp of 2.5µm.
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Summary
Neurotransmitters, which play an important role in the signal-transmitting process in the
human body, often contain the arylethylamine-moiety, Figure 1.
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N NH2
Figure 1. Neurotransmitters with an aryl-ethyl-amine moiety
dopamine norepinephrine serotonine histamine
This moiety is also found in other compounds in the human body that are active in the central
nervous system. It is not surprising, therefore, to find this arylethylamine-moiety in
compounds like XTC, epibatidine, morphine and LSD, which all strongly act on the central
nervous system (CNS-drugs), Figure 2.
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Figure 2. Biologically active compounds with an aryl-ethyl-amine moiety
XTC epibatidinemorphine LSD
The difference in biological activity and receptor selectivity of these drugs might be explained
by the specific molecular conformation of the arylethylamine-moiety in the drug. Generation
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and modulation of the conformational rigidity of the arylethylamine-moiety will lead to more
insight in SAR and eventually may lead to the design of more selective drugs.
The objective of the research project, described in this thesis, was to develop a synthetic route
to N-containing heterocycles, containing a rigid arylethylamine-moiety, as potentially new
CNS-active drugs, via high-pressure promoted cycloadditions of 1-nitro-2-arylethenes. A
second objective was to translate this route in a method in which a solid support is used.
1-Nitro-2-arylethenes are reactive in several types of cycloaddition reactions and serve as
latent arylethylamine-moieties; after the cycloaddition reaction reduction of the nitro group
leads to the formation of a rigid arylethylamine, Scheme 1.
NH2
Ar
Subst
Ar
NH
Subst
N
+O O
Ar
cycloaddition
reduction
exo-cyclic
aryl-ethyl-amine
endo-cyclic
aryl-ethyl-amine
Scheme 1
1-nitro-2-arylethene
In the search for efficient reactions that generate a high degree of diversity, both in the core
structure as well as in substituents attached to the core, multi-component reactions have
shown to be very promising: in a multi-component reaction a variety of substituents can be
introduced in one single transformation. An example of a multi-component reaction is the
high-pressure promoted domino [4 + 2]/[3 + 2] cycloaddition in which an enol ether, a 1-
nitro-2-arylethene, and another alkene react in one step to give bi- and tricyclic nitroso
acetals, Scheme 2.
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In chapter 2, the scope and limitations of this high-pressure promoted one-pot three-
component [4 + 2]/[3 + 2] cycloaddition was studied. It appeared that the use of high-pressure
greatly enhanced the scope of the reaction. The use of alkyl- and phenyl-substituted (cyclic)
enol ethers, (hetero) aryl- and alkyl substituted nitroalkenes and substituted (cyclic) olefins
resulted in the formation of novel highly substituted multi-cyclic nitroso acetals.
The advantage of the use of high-pressure was also demonstrated by the reaction of non-
activated 1,2-disubstituted olefins as dipolarophile in the [3 + 2] cycloaddition with
nitronates. In chapter 3, the use of 2-aryl and 2-alkyl substituted nitroethenes, reacting both as
heterodiene and as dipolarophile, in the high-pressure promoted domino [4 + 2]/[3 + 2]
cycloadditions was studied.
Regio-isomeric mixtures of nitroso acetals were formed and the influence of the enol ether
and aryl- and alkyl substituents on the regioselectivity in the [3 + 2] cycloaddition was
studied. Furthermore, a base catalyzed rearrangement of one of the regioisomers provided a
novel class of di- and tricyclic N-oxy-β-lactam compounds, Scheme 3.
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R1=H, R2=Et, R3=H, R4=aryl, alkyl
R1 -R2=(CH2)2, R3=H, R4=aryl, alkyl
R1 -R3=(CH2)4, R2=CH3, R4=aryl
In chapter 4, pressure- and solvent dependent product formation is described from the reaction
between (E)-1-nitro-2-(3'-pyridyl)ethene 2a (2 equiv.) and p-methoxybenzyl vinyl ether 1,
Scheme 4.
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A competition between the formation of the domino [4 + 2]/[3 + 2] cycloadducts 5a and 5b
and the formation of a novel 5-membered cyclic nitronate 6 was observed. It was possible to
isolate nitronate 6 from the reaction mixture, since it did not react further with 2a at pressures
of 8-10 kbar. Based on experimental results, a mechanism for the formation of the 5-
membered ring nitronate 6 has been presented. It was also shown that nitronate 6 was reactive
as a 1,3-dipole in the high-pressure promoted [3 + 2] cycloaddition with both electron-rich
and electron-poor olefins, yielding a novel class of pyridyl-substituted 5,5-membered bicyclic
nitroso acetals 7.
In chapter 5, the high-pressure promoted one-pot [4 + 2]/[4 + 2]/[3 + 2] cycloaddition is
described. In this domino cycloaddition, 2-methoxy-1,3-butadiene reacts with three
equivalents of β-nitrostyrene, yielding novel functionalized tricyclic nitroso acetals in one
step. β-Nitrostyrene reacted respectively as dienophile in the Diels-Alder reaction, as
heterodiene in the inverse Diels-Alder reaction, and as di-substituted dipolarophile in the 1,3
dipolar cycloaddition, Scheme 5.
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In order to obtain compounds with the desired rigid arylethylamine, the reduction of the
cycloadducts under heterogeneous and homogeneous conditions was studied; this is described
in chapter 6. The general applicability of Raney nickel as a catalyst for the reduction of
nitroso acetals was demonstrated by using of a wide range of substituted nitroso acetals. This
resulted in the formation of novel pyrrolidine and 2-hydroxy-pyrrolzidinone derivatives,
scheme 6.
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The translation of the high-pressure promoted three-component domino [4 + 2]/[3 + 2]
cycloaddition into a solid-phase method in which one of the building blocks is coupled to the
resin, is described in chapter 7. To study the scope of the one-pot three-component
cycloaddition on the solid-phase, the resin-bound dipolarophile 15 was reacted with the non-
activated nitrostyrenes 17a (R4=H) and 17b (R4=CH3) and mono-, di- and tri-substituted enol
ethers yielding the resin-bound nitroso acetals 18, Scheme 7. To determine the yield of this
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domino [4 + 2]/[3 + 2] cycloaddition, the highly substituted resin-bound nitroso acetals were
cleaved from the resin by a transesterification reaction, yielding nitroso acetals 19, Table 1.
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a Yields of purified cycloadducts based on initial loading level of the Wang Resin
(1.22 mmol/g)
b The enol ether is prepared from the corresponding dimethoxyacetal
Table 1. Nitroso acetals 19a-f prepared on the solid phase
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Resin-bound nitroso acetals were also prepared by using a resin-bound enol ether. The
reductive cleavage of resin bound nitroso acetal 5 with the homogeneous Wilkinson catalyst
was investigated and resulted in the formation of 2-hydroxy-pyrrolizidinone 11, Scheme 8.
O
NO
Ph
OMe
OO NH
Ph
OH
CO2Me
K2CO3/MeOH
N OH
O
Ph
Scheme 8
5 11
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Resin-bound nitroalkenes, which were prepared via a Knoevenagel condensation of resin-
bound nitro acetic acid with aryl and alkyl substituted aldehydes, reacted with ethyl vinyl
ether (1) and styrene (24) yielding the resin-bound domino adducts 25a-e, Scheme 9.
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Subsequent reduction of the ester-linkage with LiAlH4 gave the 3α−methylalcohol substituted
nitroso acetals 26a-e. In this way a variety of parallel prepared bicyclic nitroso acetals 26a-e
was obtained, each compound as a mixture of diastereomers in an overall yield of 29-56 %
over 4 steps, Table 2.
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N
N
H
O
R ν(C=C) of 23(cm-1)
1642
1645
1667
1642
1668
Yields of purified cycloadducts based on initial loading (0.99 mmol/g)
entry
a
b
c
d
e
yield of 26(%)
51
56
29
34
48
Table 2. Synthesis of bicyclic nitroso acetals 26a-e
An overview of the cycloadducts obtained via the high-pressure promoted domino [4 + 2]/
[3 + 2] cycloaddition and some of their reduction products is given in Figure 3. The power of
this multi-component [4 + 2]/[3 + 2] cycloaddition is illustrated starting with only three types
of alkenes. A range of products with highly divers structures and substituents can be
synthesized in only one or two steps.
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Figure 3. Structural diversity via high-pressure promoted three-component cycloadditions
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In chapter 8, the use of resin-bound nitroalkenes in the solid-phase synthesis of rigid
arylethylamines and rigid arylethylamino alcohols is described, Scheme 10. Treatment of the
resin-bound cycloadduct 4 with LiAlH4 resulted in the reduction of the nitro group as well as
cleavage of the adduct from the resin to yield selectively the cis arylethylamine 7.
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HN
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NHN
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O
NO2
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O
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1
NH4OAc, THF
20 min., 350 W
Part of this route was also used for the synthesis of spiro-diketopiperazine (spiro-DKP)
derivatives on the solid support. Key steps in the synthesis are a microwave-assisted
Knoevenagel condensation of aldehydes and resin-bound nitro acetic acid yielding resin-
bound nitroalkenes, a Diels-Alder reaction of the latter compounds with 2,3-dimethyl-
butadiene, followed by a homogeneous reduction of the nitro-group yielding resin-bound
unnatural amino acids. Coupling of an Fmoc protected amino acid with the resin-bound amino
acid gave a resin-bound dipeptide. After Fmoc deprotection, a cyclization cleavage step
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resulted in the formation of functionalized novel spiro-diketopiperazine (DKP’s). The semi-
automated synthesis of a 45-compound library of novel DKP’s was evaluated by applying 5
different aldehydes and 9 different amino acids.
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Neurotransmitters, zoals dopamine en serotonine, zijn verbindingen die een belangrijke rol
spelen in het proces van signaaloverdracht in het menselijk lichaam. In de hersenen, het
centrale gedeelte van het zenuwstelsel, regelen ze o.a. de psychische gesteldheid. In geval van
psychische aandoeningen zoals schizofrenie, (manische) depressiviteit, angst en psychose is
er iets mis met de regulering (aanmaak of afbraak) van deze stoffen. Ook bij de ziekte van
Parkinson en Alzheimer zijn er sterke aanwijzingen dat de oorzaak gevonden kan worden in
een afwijking van de dopamine regulering.
Als we door een chemische bril kijken naar de moleculaire structuur van deze
neurotransmitters, kunnen we in al deze verbindingen een arylethylamine-eenheid herkennen,
zoals weergegeven in Figuur 1.
OH
OH
NH2
N
H
NH2
OH
OH
OH
NH2
OH
N
H
N NH2
Figuur 1. Neurotransmitters met een arylethylamine-eenheid
dopamine norepinephrine serotonine histamine
De arylethylamine-eenheid wordt ook aangetroffen in niet lichaamseigen stoffen die activiteit
vertonen in het centrale zenuwstelsel van het menselijk lichaam. XTC, morfine, LSD en
epibatidine, zijn een paar van die verbindingen, die allemaal een sterke biologische werking
hebben, bijvoorbeeld als pijnstiller, anti-depressivum, of als hallucinerend of kalmerend
middel, Figuur 2.
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O
Figuur 2. Biologisch actieve verbindingen met een arylethylamine-eenheid
XTC epibatidinemorphine LSD
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De uiteenlopende biologische activiteiten zouden verklaard kunnen worden door de
verschillende 3-dimensionale vorm (starheid) van de arylethylamine-eenheid in elke
verbinding. Het maken van nieuwe verbindingen, waarin de arylethylamine-eenheid op
verschillende manieren zit ingesloten, kan leiden tot meer inzicht in de relatie tussen de 3-
dimensionale structuur en de activiteit van de verbinding en mogelijk tot het ontdekken van
nieuwe medicijnen met een verhoogde selectiviteit (minder bijwerkingen).
Het doel van het researchproject, beschreven in dit proefschrift, is het ontwikkelen van
nieuwe syntheseroutes naar stikstofbevattende heterocylische verbindingen met een starre
arylethylamine-eenheid, door hoge druk gekatalyseerde cycloaddities van 1-nitro-2-
arylethenen. Een belangrijke vraag hierbij is, of de ontwikkelde routes ook zouden kunnen
worden toegepast als één van de bouwstenen gebonden is aan een vaste (polymere) drager.
Door het gebruik van een vaste drager is het namelijk mogelijk om de gevormde nieuwe
producten snel te scheiden door middel van een simpele filtratiestap: de gewenste verbinding
is gebonden aan de vaste drager en blijft achter op het filter, terwijl de ongewenste
bijproducten en uitgangsstoffen weggewassen worden. Een van de voordelen van deze
methode is dat ze relatief eenvoudig te automatiseren en robotiseren is. Hierdoor kunnen zeer
snel vele verbindingen gemaakt worden (zgn. stoffen-bibliotheken). Deze methode, ook wel
‘solid-phase synthese’ genoemd, wordt op dit moment veelvuldig toegepast, o.a. in de
farmaceutische industrie, bij het ontwikkelen van nieuwe medicijnen. De verkregen
verbindingen kunnen getest worden als potentiële nieuwe medicijnen die actief zijn in het
centrale zenuwstelsel.
1-Nitro-2-arylethenen zijn reactief in verschillende typen cycloaddities en kunnen dienen als
latente arylethylamine-eenheid. Na de cycloadditie zal reductie van de nitrogroep leiden tot de
vorming van een star arylethylamine fragment, Schema 1.
NH2
Ar
Subst
Ar
NH
Subst
N
+O O
Ar
cycloadditie
reductie
exo-cyclisch
aryl-ethyl-amine
endo-cyclisch
aryl-ethyl-amine
Schema 1
1-nitro-2-aryletheen
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Om een hoge mate van diversiteit te verkrijgen in zowel de kernstructuur als de substituenten
aan de kernstructuur, bleken multi-componenten-reacties erg veelbelovend te zijn. In een
multi-componenten-reactie kan een variëteit aan substituenten geïntroduceerd worden in
slechts één enkele transformatiestap. Een voorbeeld van een multi-componenten-reactie is de
door hoge druk gekatalyseerde domino [4 + 2]/[3 + 2] cycloadditie, waarbij een enol ether,
een 1-nitro-2-aryletheen en een ander alkeen in één stap reageren tot bi- en tricyclische
nitrosoacetalen, Schema 2.
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R8
R4
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N+ O
R5
R1O
R6R3
R2
R4
O
N+ O
R5
R6
+
[4+2] [3+2]
heterodieen nitronaat nitroso acetaal
Schema 2
enol ether
In hoofdstuk 2 zijn de mogelijkheden en beperkingen van deze door hoge druk gekatalyseerde
éénstaps 3-componenten [4 + 2]/[3 + 2] cycloadditie beschreven. Het toepassen van hoge druk
bleek de scope van de reactie aanzienlijk te vergroten. Het gebruik van alkyl en fenyl
gesubstitueerde (cyclische) enol ethers, (hetero) aryl en alkyl gesubstitueerde nitroalkenen en
gesubstitueerde (cyclische) olefines, resulteerde in de vorming van nieuwe, hoog
gesubstitueerde multi-cyclische nitrosoacetalen.
Het voordeel van hoge druk werd ook gedemonstreerd aan de hand van de [3 + 2]
cycloadditie reactie tussen niet geactiveerde 1,2-digesubstitueerde olefines als dipolarofiel en
nitronaten. In hoofdstuk 3 is het gebruik van 2-aryl en 2-alkyl gesubstitueerde nitroethenen
beschreven, die zowel als heterodieen als dipolarofiel reageren in de door hoge druk
gekatalyseerde domino [4 + 2]/[3 + 2] cycloadditie. In deze reactie werden regio-isomere
mengsels van nitrosoacetalen gevormd. De invloed van de enol ether en de aryl of alkyl
substituenten in het nitroetheen op de regioselectiviteit in de [3 + 2] cycloadditie werd
bestudeerd. Na een base gekatalyseerde omlegging van één van de gevormde regio-isomeren
(7a), werd een geheel nieuwe klasse van bi- en tricyclische N-oxy-β-lactam verbindingen (9)
gevormd, Schema 3.
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Schema 3
R1=H, R2=Et, R3=H, R4=aryl, alkyl
R1 -R2=(CH2)2, R3=H, R4=aryl, alkyl
R1 -R3=(CH2)4, R2=CH3, R4=aryl
In hoofdstuk 4 is de druk en oplosmiddel afhankelijke productvorming van de reactie tussen
(E)-1-nitro-2-(3'-pyridyl)etheen 2a (2 equiv.) en p-methoxybenzyl vinyl ether 1 beschreven,
Schema 4. Er werd een competitie waargenomen tussen de vorming van de domino [4 + 2]/
[3 + 2] cycloadducten 5a en 5b en de vorming van een nieuw 5-ring nitronaat 6.
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Schema 4
[3 + 2]
7
[3 + 2]
Het bleek mogelijk om nitronaat 6 te isoleren uit het reactiemengsel, omdat deze verbinding
niet verder reageerde met 2a bij een druk van 8-10 Kbar. Voor de vorming van het 5-ring
nitronaat 6 is een mechanisme opgesteld dat is gebaseerd op de experimentele resultaten. Ook
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werd aangetoond dat bij een druk van 10 kbar, nitronaat 6 een reactief 1,3-dipool was in de
door hoge druk gekatalyseerde [3 + 2] cycloadditie met zowel elektron-rijke als elektron-arme
olefines, hetgeen een nieuwe klasse van pyridyl-gesubstitueerde 5,5-ring bicyclische
nitrosoacetalen 7 opleverde.
Hoofdstuk 5 beschrijft de door hoge druk gekatalyseerde één pot [4 + 2]/[4 + 2]/[3 + 2]
cycloadditie. In deze domino cycloadditie reageert 2-methoxy-1,3-butadieen met drie
equivalenten β-nitrostyreen, hetgeen leidde tot de vorming van nieuwe, gefunctionaliseerde
tricyclische nitrosoacetalen in één stap. Het β-nitrostyreen reageert hierbij respectievelijk als
dienofiel in de Diels-Alder reactie, als heterodieen in de inverse Diels-Alder reactie en als
dipolarofiel in the 1,3 dipolaire cycloadditie, Schema 5.
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Schema 5
[3 + 2]
15 kbar
6 R1=NO2, R2 = Ph
7 R1=Ph, R2 = NO2
+
2
+
15 kbar
[4 + 2]
Om verbindingen met de gewenste starre arylethylamine-eenheid te verkijgen, werd de
reductie van de cycloadducten onder heterogenene en homogene condities bestudeerd. Dit
staat beschreven in hoofdstuk 6. De algemene toepasbaarheid van Raney-nikkel als
katalysator voor de reductie van nitrosoacetalen werd gedemonstreerd aan de hand van de
reductie van een reeks van gesubstitueerde nitrosoacetalen. Dit leidde tot de vorming van
nieuwe pyrrolidine- en 2-hydroxy-pyrrolizidinone-derivaten, Schema 6.
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De vertaling van de door hoge druk gekatalyseerde drie-componenten-domino [4 + 2]/[3 + 2]
cycloadditie naar een vaste drager, waarbij één van de bouwstenen gebonden aan de hars is,
staat beschreven in hoofdstuk 7. Om de scope van de drie-componenten-reactie aan de vaste
drager te bestuderen, werd de reactie van het hars-gebonden dipolaropfiel 15 met de
ongeactiveerde nitrostyrenen 17a (R4=H) en 17b (R4=CH3) en mono-, di- and tri-
gesubstitueerde enol ethers (16) onderzocht, Schema 7. Om de opbrengsten van deze
cycloadditie te bepalen, werden de hars-gebonden nitrosoacetalen 18 van de hars afgesplitst
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19
door middel van een transesterificatie-reactie. De verkregen producten zijn weergegeven in
Tabel 1.
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a Opbrengsten van de cycloadducten zijn gebaseerd op de initiële belading van
de Wang hars (1.22 mmol/g)
b De enol ether is bereid uit het overeenkomstige dimethoxyacetaal
Tabel 1. Nitrosoacetalen 19a-f bereid aan de vaste drager
Hars-gebonden nitrosoacetalen werden ook verkregen na een domino [4 + 2]/[3 + 2] reactie
van een hars-gebonden enol ether. De reductieve afsplitsing van nitrosoacetaal 5 met de
homogene wilkinson-katalysator resulteerde uiteindelijk in de vorming van 2-hydroxy-
pyrrolizidinon 11, Schema 8.
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Hars-gebonden nitroalkenen 23, verkregen na een knoevenagel-condensatie van hars-
gebonden nitroazijnzuur met aryl-en alkyl-gesubstitueerde aldehydes, reageerden met
ethylvinylether (1) en styreen (24) tot de hars-gebonden domino-adducten 25a-e, Schema 9.
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Vervolgens leidde reductie van de ester-groep met LiAlH4 tot de vorming van
3α−methylalcohol gesubstitueerde nitrosoacetalen 26a-e. Op deze wijze werd een
verzameling van parallel bereide bicyclische nitrosoacetalen 26a-e verkregen, elk als een
mengsel van diastereomeren in een opbrengst van 29-56 % over 4 stappen, Tabel 2.
N
N
H
O
R ν(C=C) van 23(cm-1)
1642
1645
1667
1642
1668
Opbrengst gebaseerd op de initiële belading (0.99 mmol/g)
entry
a
b
c
d
e
opbrengst 26 (%)
51
56
29
34
48
Tabel 2. Synthese van bicyclische nitroso acetalen 26a-e
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Een overzicht van de gevormde cycloadducten, verkregen via de door hoge druk
gekatalyseerde domino [4 + 2]/[3 + 2] cycloadditie en enkele van de reductieproducten zijn
weergegeven in Figuur 3. Hiermee wordt de kracht van de door hoge druk gekatalyseerde
multi-componenten-domino cycloadditie geïllustreerd: uitgaande van met 3 typen alkenen kan
een scala aan producten met zeer diverse structuren en substituenten worden gesynthetiseerd
in slechts één of twee stappen.
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Figuur 3. Structurele diversiteit verkregen door hoge druk gekatalyseerde 3-componenten cycloaddities
In hoofdstuk 8 is het gebruik van hars-gebonden nitroalkenen in de synthese van starre
arylethylamines en starre arylethylamino-alcoholen bestudeerd, Schema 10. De reactie van
het hars-gebonden cycloadduct 4 met LiAlH4 resulteerde in volledige reductie van de
nitrogroep en de selectieve vorming van het cis arylethylamine 7.
Een gedeelte van deze route werd ook gebruikt voor de synthese van spiro-diketopiperazine
(spiro-DKP) derivaten aan de vaste drager, schema 10. Essentiële stappen in deze synthese
zijn een in de magnetron uitgevoerde knoevenagel-condensatie van aldehydes en hars-
gebonden nitroazijnzuur, die leidde tot de vorming van hars-gebonden nitroalkenen 2. Een
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Diels-Alder reactie met 2,3-dimethyl-butadieen, gevolgd door een homogene reductie van de
nitrogroep, resulteerde in de vorming van hars-gebonden onnatuurlijke aminozuren 5.
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De koppeling van een Fmoc-beschermd aminozuur met het aan de hars-gebonden aminozuur
gaf een hars-gebonden dipeptide 8. Na Fmoc-ontscherming werd in een cyclisatie- en tevens
afsplistingsstap een nieuwe klasse van gefunctionaliseerde spiro-diketopiperazines (DKP’s) 9
verkregen. De syntheseroute werd geëvalueerd door middel van een half-automatische
synthese van een 45-stoffenbibliotheek van geheel nieuwe DKP’s, waarbij vijf verschillende
aldehydes en negen verschillende aminozuren werden gebruikt.
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Dankwoord
Het was vertrouwd, maar toch ook wel een beetje vreemd om na allerlei omzwervingen
uiteindelijk weer terug te komen op het organisch chemische lab in Nijmegen. Daar waar ik
mijn eerste stageperiode had gelopen, ben ik ook het promotie avontuur gestart. En één ding
weet ik nu zeker: ik heb er geen spijt van gehad.
Voor u ligt het resultaat van vier jaar zeer interessant en multidisciplinair onderzoek. In deze
periode heb ik kennis kunnen maken met hoge druk chemie, organische chemie aan polymere
vaste dragers, chemie in de magnetron, microbiologische testen op het Radboud Ziekenhuis,
een gerobotiseerd synthese experiment op de Rijks Universiteit Utrecht. U kunt het allemaal
lezen in dit proefschrift.
Wat u niet kunt lezen in het wetenschappelijke gedeelte van dit proefschrift, is hoe en door
wie al het beschreven en ook het onbeschreven werk uiteindelijk allemaal tot stand is
gekomen. Door middel van dit dankwoord wil ik toch proberen duidelijk te maken wat het
uitvoeren van een promotieonderzoek, naast het uiteindelijk schrijven van dit proefschrift,
vooral inhoudt.
Dr. Jean-Paul Seerden was mijn eerste labgenoot. Onder zijn enthousiaste en veel
meedenkende en pratende begeleiding, begon ik aan mijn eerste pogingen om organische
synthese te bedrijven aan de polymere drager. Daar, in het uiterste hoekje van het UL
gebouw, heb ik ruim een half jaar kunnen experimenteren met hoge druk reacties en polymere
harsen. Geholpen door enig toeval, werd ik na lang ploeteren verrast met de onverwachte
vorming van een nieuwe β-lactam verbinding. Daar was ik echter nooit achter gekomen
zonder de hulp van Rene de Gelder en Jan Smits van de afdeling kristalografie. Ook al was
het helemaal niet de bedoeling deze stof te synthetiseren, het was een geheel nieuwe
verbinding, gevormd na een interessante omlegging en het was de basis voor een publicatie.
Na de verhuizing naar het lab van René Aben werd ik beloond met de eerste hoofdvakstudent:
Faysal Kalmoua. Je kwam precies op het juiste moment om de nieuwe reactie uit te werken en
verbindingen te oogsten. Uiteindelijk hebben we het in een mooie publicatie verpakt en heb ik
je overige werk in hoofdstuk 3 proberen samen te vatten. Je hebt de eerste succesvolle
reductiepogingen gedaan die staan beschreven staan in hoofdstuk 6 en ook heb je met een
spetterende eindpresentatie de hoge druk chemie voor de hele afdeling geweldig gepromoot.
Met als zelfbedachte topper de dubbele domino reactie beschreven in hoofdstuk 5.
Ondertussen kwam Sjoerd Aertssen het ‘hoge druk team’ versterken. Jouw start was niet de
makkelijkste. Al leek het op papier toch allemaal heel simpel. Je kwam er o.a. achter dat de in
de literatuur beschreven experimenten niet altijd te reproduceren zijn. Uiteindelijk heb je toch
doorgezet en kon ook jij oogsten: de meeste hoge druk reacties van alkyl gesubstitueerde
nitroalkenen staan op jouw naam (hoofdstuk 3). Jouw creatieve en artistieke bezigheden heb
je typisch weten te combineren met de dagelijkse chemie. Zo kwam ik tijdens het schrijven
verschillende spectra tegen, voorzien van nieuwe of bestaande songteksten. Ook komt van jou
de treffende uitspraak “Haastige spoed doet een kolom geen goed”. Het was toch wel even
schrikken toen de BVD op de stoep stond om het gebruik van de door jouw bestelde ‘zwarte
lijst’ verbinding benzylmethylketon (BMK) te controleren. Gelukkig waren de pillen net
op.........
Na zijn anorganische stage zakte Ruud Steeghs een verdiepinkje af en kwam als derde student
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werken aan de hoge druk domino reacties. Jij waagde je aan de synthese van heteroaromaat
gesubstitueerde nitroalkenen en dat bleek weer eens hele andere koek! De resultaten waren
verassend: uit de polymere drek wist jij met je kritische oog een geheel nieuwe verbinding te
isoleren. Na grondige analyse, bijgestaan door Ad Swolfs en Peter van Galen, heb je
uiteindelijk de analytische puzzel op weten te lossen en konden we de structuur van het 5-ring
nitronaat vastleggen. Heel hoofdstuk 4 is hieraan gewijd. Nadat je ook de experimenten
uitgevoerd had, die de basis legden voor het door jou opgestelde mechanisme, kon ik
beginnen met het schrijven van een artikel. Het heeft nog even geduurd, maar het artikel staat
nu toch echt in de krant! De reductie van de domino adducten leverde wat meer problemen
op. Maar daarvoor kreeg ik gelukkig versterking uit Italië. During the summer of 1999,
Deborah Pacetti visited our laboratory in Nijmegen as Erasmus student. Her task was to
investigate the reduction of heteroaromat substituted nitroso acetals and she did. I think you
learned a lot. Not only about the ups and downs of a research project, but also about the
great student life in Nijmegen. And you teached us how to make the right after-lunch-
espresso!! I really enjoyed it having you and your Italien friends Dennis and Massimo in our
lab.
Mohamed, als laatste student was jij de meest bijzondere. Ik heb bijvoorbeeld nog nooit
zoveel weddenschappen achter elkaar verloren zien gaan en nog nooit heb ik zoveel taart
gezien aan de koffietafel. Je was ook de eerste student die toekwam aan de vaste drager
chemie. Eerst de route uitzoeken in oplossing en dan vertalen naar de hars, zoals we dat zo
mooi noemen. Jij weet nu echt wat dat inhoudt. En hoe lastig het kan zijn om reacties aan de
hars te optimaliseren. Maar het is een goede investering gebleken. Uiteindelijk heb je een
nieuwe route naar spiro-diketopiperazines ontwikkeld en een gerobotiseerde synthese
uitgevoerd, waarmee je in zeer korte tijd een bibliotheek van 45 nieuwe stoffen hebt gemaakt.
Een groot gedeelte van hoofdstuk 8 staat op jouw naam.
René Aben, aan jou wil ik ook een aparte paragraaf wijden. Je hebt alle studenten van dichtbij
meegemaakt en als (veel te) behulpzame lab “overste” heb je je door mijn hele promotie
periode heengeslagen. Jij bent degene, die als één van de weinigen, altijd ‘achterblijft’ op het
lab, AIO na AIO en student na student. Daarom waardeer ik het des te meer dat je telkens
toch weer geduldig de moeite neemt om ‘alles’ uit te leggen.
Van de zeer regelmatige brainstorm sessies in Utrecht heb ik zeer veel geleerd. Ik kwam altijd
weer terug in Nijmegen vol met nieuwe ideeën. Bij deze wil ik dan ook John Kruytzer, Dries
de Bont, Floris van Delft en Jan van Maarseveen heel erg bedanken voor de tips en de
enthousiaste begeleiding van het grote combichem project. Door het samenwerken met de
collega OIO’s John Reichwein en Arnold van Loevezijn hebben we de vele nuttige ‘ins and
outs’ van het bedrijven van chemie aan de vaste drager kunnen delen.
Dr. Jacques Meis van de afdeling Medische Microbiologie van het St. Radboud ziekenhuis
wil ik bedanken voor de belangstelling voor ons onderzoek en ook voor het snel testen van de
β-lactam verbindingen die beschreven staan in hoofdstuk 3. Hopelijk worden onze discussies
over de synthese en het testen van potentiële nieuwe anti-schimmel verbindingen door Leon
van Berkom alsnog in de praktijk gebracht.
Dr. Hans Scheeren, je was een zeer inspirerend begeleider en ik wil je vooral bedanken,
omdat je gedurende het hele onderzoeksproject juist daar wist te sturen, waar het nodig was.
Leon van Berkom, bedankt voor de tijd die je hebt genomen om het manuscript grondig door
te nemen and also prof. dr. H. Surya Prakash Rao, many thanks for the very nice
collaboration during your visit and the careful reading of the manuscript. Ook wil ik mijn
promotor prof. dr. Roeland Nolte bedanken voor de allerlaatste correcties van het manuscript
en alle collega AIO’s en OIO’s, studenten en vast personeel voor de inspirerende
samenwerking.
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En dan nu het thuisfront. Pa en ma, hier sta ik dan, trots als een pauw met zulke ouders. Jullie
hebben er voor een heel groot gedeelte aan bijgedragen dat ik dit heb bereikt. Bedankt voor
jullie voortdurende belangstelling voor het soms toch moeilijk te begrijpen vak van jullie
jongste zoon. Robbert en Koen, ook al konden jullie mijn bezigheden meestal maar moeilijk
plaatsen, jullie bijdrage aan dit proefschrift is aanzienlijk. Al lang geleden hebben jullie mij
voorzien van het voor dit onderzoek broodnodige doorzettingsvermogen …….
En dan natuurlijk de Biezenstraat: Marjoke, Stefan, Paul, Tjitske en vooral Marjon en Patries,
bedankt voor alle steun en nazorg gedurende de afgelopen 4 jaar. Er was altijd een luisterend
oor en vooral ook veel advies over hoe het anders kon of moest.
Degene die me het meest van dichtbij heeft meegemaakt is natuurlijk mijn lieve vriend
Gesuino. Jij hebt de afgelopen jaren, samen met de meiden, al mijn dagelijkse successen en
tegenvallers moeten aanhoren en me enorm gesteund. Dankjewel voor het feit dat jij me, tot
het allerlaatste moment, alle ruimte hebt gegeven om dit proefschrift af te ronden.
Sjors
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